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PREFACE 

TO  FOURTH  EDITION 

CONSIDEEABLE  extra  matter  has  been  added  to  keep  pace 
with  recent  developments,  while  in  certain  instances  the 
text  has  been  amended  or  clarified. 

The  existing  matter  has  been  slightly  augmented  and 
additional  chajiters  added  to  deal  vith  magnetic  circuits 
and  pover  supply  systems. 

The  treatment  of  short-wave  technique  has  been  left  in 
its  present  brief  form,  the  more  complete  discussion  of  this 
subject  being  dealt  with  in  the  companion  volume,  Short 
Wave  Radio, 

The  discussions  throughout  have  been  limited  to  funda¬ 
mentals,  since  any  other  treatment  rapidly  becomes  out 
of  date,  and  the  reader  requiring  specific  details  should 
refer  to  current  literature. 

I  would  thank  the  various  readers  who  have  submitted 
‘  helpful  criticisms  which  have  been  met  as  far  as  practicable. 

J.  H.  REYNER 

Borbham  Wood 
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PREFACE 


This  book  is  intended  to  provide  a  concise  resume  of 
modern  radio  engineering  practice  for  the  more  advanced 
student.  The  fundamental  principles  outlined  in  Volume  I 
have  been  amplified,  and  extra  material  has  been  added 
1)0  make  the  work  reasonably  complete.  The  general  scope 
of  the  work  is  such  as  to  cover  the  final  stage  of  the  City 
and  Guilds  Exammation,  the  Preliminary  and  Intermediate 
Grades  being  dealt  with  by  the  first  volume,  to  which  this 
present  book  must  be  considered  as  an  adjunct. 

The  non-mathematical  character  of  the  work  has  been 
maintained,  but  a  particular  eflFort  has  been  made  to  provide 
a  thorough  groundwork  of  fundamental  ideas.  Hence 
detailed  proofs  of  some  of  the  more  important  statements 
are  included,  but  extensive  treatment  of  particular  cases  is 
not  provided,  as  the  reader  should  be  able  to  achieve  this 
for  himself. 

Where  possible,  every  statement  has  been  explained. 
This  applies  particularly  to  the  treatment  of  Feeders, 
Coupled  Circuits,  and  Filter  Networks,  subjects  which  are 
usually  treated  either  intensely  mathematically  or  with  a 
vagueness  which  still  leaves  the  reader  mystified  as  to  what 
really  takes  place. 

As  a  result  it  is  hoped  that,  despite  the  necessary  limita¬ 
tion  of  space,  this  book  with  its  companion  will  provide 
a  complete  groundwork  for  the  Radio  Engineer. 

J.  H.  REYNER 

Bobeham  Wood 
January  t  1936 
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CHAPTER  I 

THE  RADIO  TRANSMITTER 

Radio  transmission  to-day  is  carried  out  practically  entirely 
by  valve  transmitters.  Arcs  and  high-frequency  alternators 
have  been  ousted  and  the  spark  transmitter  only  remains 
in  low-power  ship  sets.  Even  here  it  is  being  displaced 
by  tonic  train  and  radio  telephony. 

The  simpler  forms  of  valve  transmitter  have  already 
been  dealt  with  in  Volume  I.  This  chapter  is  concerned 
with  the  application  of  these  principles  to  medium-  and 
high-powered  transmitters  of  to-day.  Except  in  the  sim¬ 
plest  forms  of  transmitter,  the  valve  supplying  the  power 
to  the  aerial  is  not  the  valve  used  to  generate  the  oscillations 
in  the  first  place,  but  the  conditions  of  operation  are  largely 
the  same,  the  fundamental  considerations  being  high 
efficiency  and  maximum  power  output.  In  the  following 
treatment  the  valve  is  considered  as  an  amplifier,  the  grid 
excitation  being  supplied  either  from  a  preceding  circuit 
or  by  reaction  coupling  from  the  anode. 

High-efficiency  Working. 

In  any  valve  generator,  power  is  supplied  to  the  anode 
at  a  relatively  high  d.c.  voltage,  and  the  aim  is  to  convert 
as  much  of  this  power  as  possible  into  alternating  energy. 
If  the  valve  is  working  in  the  class  A  condition,  i.e.  in  a 
condition  suitable  for  distortionless  amplification,  the 
maximum  theoretical  efficiency  is  50  per  cent.  The  anode 
current  can  vary  nearly  between  the  limits  of  zero  and 
twice  the  normal  steady  value,  as  shown  in  Fig.  1.  Since 
the  r.m.s.  value  of  the  alternating  component  of  the  current 
is  and  that  of  the  voltage  is  correspondingly 

^maxIV^j  the  alternating  power  is  F//2,  which  is  one-half 
of  the  steady  power  consumed  at  the  anode. 
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In  practice,  it  is  not  possible  to  reduce  the  anode  voltage 
or  current  fully  to  zero,  and  therefore  the  efficiency  is 
always  less  than  the  theoretical  amount.  It  is  not  necessary, 
however,  to  operate  the  valve  in  a  distortionless  condition. 
All  that  is  required  is  that  a  pulse  of  current  shall  be 
supplied  by  the  anode  circuit  at  each  oscillation,  sufficient 


Fig.  1.  Voltage  and  Current  Relations  with 
Class  A  Operation 

to  maintain  the  oscillations.  The  valve,  therefore,  is  oper¬ 
ated  with  a  much  higher  negative  bias  than  usual,  so  that 
the  anode  current  is  zero  over  a  large  part  of  the  cycle. 
At  certain  periods,  however,  the  grid  voltage  falls  to  zero 
and  may  even  become  appreciably  positive.  During  these 
portions  of  the  cycle  a  large  anode  current  flows  and  supplies 
the  necessary  pulse.  The  mean  anode  current,  however, 
is  much  less  than  before,  and  the  efficiency  of  the  operation 
considerably  higher. 

Class  B  Operation. 

Suppose  we  increase  the  bias  to  a  value  which  reduces 
the  anode  current  nearly  to  zero,  as  shown  in  Fig.  2.  Over 
the  positive  half-cycle  of  grid  ♦swing  the  anode  current 
(and  hence  the  anode  voltage)  will  vary  proportionally  if 
the  characteristic  is  reasonably  straight.  Over  the  negative 
half-cycle  no  anode  current  will  flow,  but  if  the  anode 
circuit  is  tuned  the  resonant  action  will  maintain  the  oscilla¬ 
tion  so  that  the  anode  voltage  will  continue  to  vary 
sinusoidally. 

Thus,  although  anode  current  only  flows  every  half-cycle, 
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the  anode  voltage  will  be  a  faithful  copy  of  the  grid  voltage 
and  will  alter  in  magnitude  according  to  the  value  of  the 
applied  grid  voltage  or  excitation.  Hence,  linear  (undis¬ 
torted)  amplification  is  obtained. 

Let  I  be  the  steady  anode  current  in  the  class  A  condi- 


Fia.  2.  With  Class  B  Operation  the  Valve  is 
Biased  to  Ctjt-ofp 


tion.  The  anode  current  with  class  B  working  is  in  the 
form  of  a  series  of  half  sine  waves.  The  average  value  of 
a  sine  wave  is  2/  tt  times  the  maximum  value,  but  since  we 
are  only  using  every  alternate  half  wave  the  average  value 


of  the  current  in  this  case  is  I/tc.  The  maximum  value 
is  27,  so  that  the  average  anode  current  is  27/ tc,  which  is 
roughly  two-thirds  of  the  class  A  current.  Hence,  if  the 
efficiency  is  50  per  cent  in  the  class  A  condition,  it  would 
be  (7t/2)  X  50  =  78*5  per  cent  with  class  B  working.  Again, 
in  practice,  this  is  not  fully  realized,  but  efficiencies  between 
50  and  60  per  cent  are  obtainable. 
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Class  C  Working. 

Still  better  efficiencies  are  obtainable  by  increasing  the 
grid  bias  beyond  the  cut-off  point.  Under  these  conditions, 
sometimes  called  flick  impulsing,  anode  current  flows  in 
short  pulses  of  a  high  peak  value,  and  efficiencies  of  70  to 
80  per  cent  are  obtained.  The  anode  voltage  is  no  longer 
directly  proportional  to  the  grid  voltage,  so  that  the  circuit 
can  only  be  used  for  maintaining  or  amplifying  a  steady 
oscillation.  Where  a  modulated  wave  is  being  handled 
class  B  working  must  be  used. 

Matching  the  Anode  Impedance. 

The  adjustment  of  a  class  B  or  class  C  transmitter  de¬ 
pends  upon  the  matching  of  the  external  impedance  in 
the  anode  circuit  to  the  valve,  but  the  conditions  are 
appreciably  different  from  those  of  a  class  A  circuit.  In 
general,  the  optimum  impedance  is  lower  than  that  for 
maximum  power  output  under  class  A  conditions,  which 
require  a  load  impedance  approximately  equal  to  that  of 
the  valve. 

Fig.  4  illustrates  a  typical  senes  of  characteristics  of  a 
transmitting  valve.  Since  we  are  concerned  with  obtaining 
the  largest  possible  anode  current,  we  do  not  limit  the 
operation  of  the  valve  to  the  negative  side  of  the  zero 
voltage  axis,  but  allow  the  grid  to  run  positive.  It  will 
be  seen  that  after  a  certain  value  of  grid  voltage  is  reached, 
little  further  increase  in  anode  current  results,  and  the 
thick  line  on  the  characteristic  is  knovvn  as  the  limiting  edge. 

We  can  draw  a  load  line  from  the  operating  voltage 
F  at  such  an  angle  that  it  corresponds  with  the  load  in 
the  anode  circuit.  The  line  shown,  for  instance,  repre¬ 
rents  2  000  ohms,  since  a  change  of  400  volts  corresponds 
to  a  change  of  200  milliamperes.  The  point  where  this  load 
line  cuts  the  limiting  edge  represents  the  maximum  peak- 
anode  swing. 

Now  it  will  be  clear  that  the  lower  we  make  the  load 
(and  hence  the  more  vertical  the  load  line)  the  greater  the 
peak  anode  current  obtained.  There  is,  however,  a  limit 
to  this,  determined  by  the  maximum  safe  emission  of  the 
valve.  This  is  considerably  higher  than  the  safe  steady 
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anode  current,  for  two  reasons.  Firstly,  this  peak  anode 
current  occurs  at  the  point  when  the  anode  voltage  is  at 
its  lowest,  and,  secondly,  it  is  only  momentary.  Neverthe¬ 
less,  a  limit,  known  as  the  emission  limit,  does  exist,  and 
our  load  must  be  such  that  it  cuts  the  limiting  edge  of 
the  characteristic  at  or  below  the  emission  limit. 


Anode  Volts 


Fig.  4.  Characteristics  of  Typical  Low-power 
Transmitting  Valve 

It  will  be  noted  that  the  anode  voltage  is  still  not  reduced 
to  zero,  and,  in  general,  the  anode  voltage  swing  is  about 
80  per  cent  of  the  h.t.  voltage — a  useful  empirical  rule 
to  remember. 

The  average  anode  current  depends  upon  the  design  of 
the  transmitting  valve.  Although  the  maximum  anode 
current  occurs  at  periods  of  low  anode  voltage,  there  is 
nevertheless  an  appreciable  quantity  of  power  to  be  dissi¬ 
pated  at  the  anode.  This  energy  is  dispersed  in  the  form 
of  heat,  and  the  methods  adopted  to  radiate  this  heat 
effectively  are  discussed  later  in  the  chapter.  Transmitting 
valves  are  usually  designed  to  withstand  a  peak  emission 
of  six  to  ten  times  the  average  value  and  to  disvsipate  about 
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25  per  cent  of  the  total  power.  This  corresponds  to  an 
efficiency  of  75  per  cent,  three-quarters  of  the  total  power 
being  converted  into  alternating- current  energy. 

Theoretically,  the  efficiency  with  class  C  operation  can  be 
made  higher  than  this,  but  the  total  power  output  is  found 
to  fall  off  if  this  is  done.  In  practice,  a  compromise  is 
adopted,  so  that  the  maximum  power  output  can  be 
obtained. 

Self  Bias. 

Operation  of  the  valve  under  these  conditions  necessitates 
two  adjustments,  namely  the  steady  grid  voltage  and  the 
anode  load.  The  grid  voltage  may  be  adjusted  by  a  per¬ 
manent  bias  or  by  allowing  the  valve  to  set  itself.  This 
is  done  by  including  a  condenser  and  leak  in  the  grid 
circuit.  Positive  excursions  of  grid  voltage  draw  grid 
current  from  the  filament,  which  charges  up  the  condenser 
negatively.  This  process  continues  until  the  grid  bias  is 
the  optimum.  Any  further  increase  in  negative  bias  then 
causes  the  oscillations  to  decrease  in  amplitude  so  that 
the  grid  swing  is  reduced.  The  pulse  of  grid  current  main¬ 
taining  the  grid  condenser  charge  is  no  longer  sufficient 
and  the  grid  bias  falls  again. 

The  value  of  grid  leak  is  much  lower  than  in  the  usual 
grid  detector.  Suppose  the  grid  bias  became  so  negative 
that  the  valve  ceased  to  maintain  the  oscillations.  The 
oscillation  would  not  cease  immediately  but  would  die 
away  at  a  rate  depending  upon  the  decrement  of  the 
circuit.  If  the  charge  on  the  grid  condenser  can  leak  away 
sufficiently  rapidly,  the  grid  bias  will  fall  and  the  oscillation 
will  be  maintained  ;  but  if  the  grid  leak  is  too  high  the 
oscillation  will  definitely  cease  until  such  time  as  the  grid 
voltage  has  fallen  sufficiently. 

Under  these  conditions,  the  oscillation  will  be  continually 
starting  and  stopping,  giving  rise  to  what  is  known  as 
“grid  tick”  or  “squegging.”  The  frequency  with  which 
the  oscillations  stop  and  start  may  vary  from  one  to  every 
few  seconds  to  several  hundreds  a  second.  The  remedy 
is  to  reduce  the  value  of  leak  as  already  explained. 
About  10  000  to  50  000  ohms  is  usual. 
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Anode  Tap. 

The  effective  resistance  of  a  parallel  tuned  circuit  is 
LJCRf  where  L  and  C  are  the  inductance  and  capacitance  in 
microhenries  and  microfarads,  and  R  is  the  total  resistance 
of  the  circuit.  The  valve  is  adjusted  so  that  this  value 
is  equal  to  the  load  resistance  for  optimum  working. 
Alternatively,  since  this  is  not  always  practicable,  arrange¬ 
ments  are  made  to  tap  the  anode  across  a  suitable  portion 
of  the  coil. 


For  medium  and  long  wavelengths,  this  tap  is  usually 


within  the  oscillating  circuit, 
but  for  short  waves  the 
reverse  may  be  the  case,  i.e. 
the  anode  may  be  tapped  to 
an  extension  of  the  coil  as 
shown  in  Fig.  5. 

The  impedance  of  a  tapped 
tuned  circuit  can  bo  calcu¬ 
lated  by  ordinary  trans¬ 
former  theory  (see  page  54 
for  a  typical  example),  but 
as  a  rough  approximation 
we  can  write  R'  =  L-^o^^jR 
where  is  the  inductance 
0)2  ==  1/LC\ 

If  t  is  the  tapping  ratio  = 
equal  to  NJN^  where  N  is  the 


H.T. 


Fig.  5.  Auto-transfobmbb 
CiBcuiT  FOB  Matching  the 
Anode  Load  to  the  Valve 


of  the  tapped  portion  and 

=  v^(L/Li)  (which  is  roughly 
total  turns  and  the  tapped 


turns),  we  can  write  i?'  =  (LJCR)  .  (1/^^)  approximately. 


In  practice,  a  rough  calculation  only  is  made,  the  actual 


optimum  point  being  found  by  trial. 


Energy  Transfer. 

The  resistance  R  in  these  formulae  is  the  total  resistance 
in  the  circuit,  including  the  load  resistance.  The  object 
of  the  transmitter  is  to  develop  power  in  some  suitable 
load,  usually  an  aerial,  which  absorbs  power  in  radiation 
and  is  therefore  said  to  have  a  certain  radiation  resistance. 

From  the  ordinary  laws  of  coupled  circuits  (see  Chapter 
IX),  the  total  resistance  is  R^  +  where  M  is 

the  mutual  inductance  between  primary  and  secondary. 
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Since  the  secondary  is  tuned,  so  that  the  expression 

reduces  to  R^  + 

To  transfer  the  greatest  possible  energy  to  the  aerial, 
the  mutual  inductance  should  be  as  high  as  possible  and 
the  resistance  of  the  closed  circuit  R  should  be  as  low  as 
possible.  There  is  a  limit  to  the  increase  in  M,  because 
a  coupled  circuit  has  two  modes  of  oscillation  (see  Chapter 
IX).  If  these  two  frequencies  are  substantially  different 
the  operation  becomes  unstable  and  the  circuit  may 
jump  from  one  frequency  to  the  other  indiscriminately. 
To  avoid  this  the  mutual  inductance  must  be  less  than 
(RJo^L^W(L^L^), 

where  is  the  closed  circuit  inductance 
L2  is  the  total  aerial  inductance 
and  i?2  is  the  aerial  resistance  (including 
radiation  resistance). 

In  actual  practice,  this  limits  the  power  which  can  be 
transferred  from  primary  to  secondary  to  about  70  per  cent 
of  the  total  power,  which  is  one  of  the  advantages  in  favour 
of  drive  circuits.  (See  Chapter  IX  for  proof.) 

Drive  Circuits. 

Instead  of  maintaining  the  oscillations  by  feeding  energy 
back  from  the  anode  to  the  grid  of  the  valve,  we  can  supply 
energy  at  the  right  frequency  and  phase  from  an  external 
source.  Such  a  procedure  has  several  advantages.  In  the 
first  place,  more  energy  can  be  transferred  from  the  closed 
circuit  to  the  aerial  because  the  frequency  of  the  oscillation 
is  not  controlled  by  the  aerial  circuit,  and  hence  the  double¬ 
hump  tuning  is  no  disadvantage.  In  fact,  it  may  even  be 
of  service  in  maintaining  a  broad  top  to  the  resonance 
curve,  as  in  a  receiving  circuit,  and  the  only  limit  to  the 
energy  transfer  is  the  loss  in  the  primary  itself. 

Secondiy,  variations  in  the  constants  of  the  aerial  and 
associated  circuits  do  not  affect  the  frequency  of  the 
oscillations,  but  only  have  a  minor  effect  on  its  amplitude. 
This  is  most  important,  particularly  with  short  waves. 
A  third  advantage  is  that  the  modulation,  or  even  the  key¬ 
ing  of  the  signal,  can  be  carried  out  at  a  stage  of  the  pro¬ 
ceedings  where  the  power  to  be  dealt  with  is  only  small. 
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The  operation  of  the  valve  under  driven  conditions  ’s 
practically  the  same  as  already  described.  Such  valves  are 
always  used  as  class  B  or  C  amphfiers,  but  it  is  customary 
to  bias  them  permanently  instead  of  adopting  self-bias 
arrangements,  using  grid  condenser  and  leak.  This  is 
because  a  sudden  cessation  of  supply  to  the  grid  would 
automatically  release  the  grid-bias  voltage,  and  the  anode 

GB'h 


current  would  run  up  to  dangerously  high  limits,  with 
consequent  damage  to  the  valve. 

The  usual  procedure  is  to  arrange  a  small  oscillating 
valve  handling  a  few  watts  only.  This  is  followed  by  an 
amplifying  stage,  at  which  point  the  modulation  is  usually 
introduced.  The  modulated  radio  frequency  is  then  further 
amplified  by  power  stages  until  the  required  level  is  attained, 
when  the  signals  are  applied  to  the  aerial. 

As  a  rule,  the  first  stage  is  not  driven  into  grid  current 
in  order  to  keep  the  load  on  the  oscillator  small,  since  this 
helps  to  maintain  the  frequency  more  constant. 

Fig.  6  shows  a  low-power  transmitter  utilizing  these 
principles.  Keying  is  obtained  by  breaking  the  earthy  side 
of  the  h.t.  supply  with  a  spark  suppressor  across  the  key 
contacts. 


■>-2pOOV.  + 2000V.  *4000 V. 


+ 2000  V. 

Fio.  7.  Typical  Medium-^ower  Telephony  Teansmittbr 
Screen-grid  valves  are  often  used  in  the  earlv  stages  to  avoid  neutraliring 


THE  RADIO  TRANSMITTER 


11 


Telephony  Transmitters. 

-  In  a  telephone  transmitter  the  power  stages  following 
the  modulation  cannot  be  class  C  operated  because  such 
a  system  is  not  linear,  and  it  is  essential  that  the  amplitude 
of  the  oscillations  in  the  anode  circuit  shall  be  strictly 
proportional  to  the  excitation  applied  to  the  grid.  Class  A 
or  B  amplifiers  must  be  used,  and  the  second  type  is  usually 
employed  in  order  to  keep  the  power  consumption  down. 

Fig.  7  shows  a  medium  power  telephony  circuit,  A 
crystal  oscillator  (see  page  207)  is  followed  by  a  buffer 
amplifier  which  feeds  the  modulator  stage.  The  modulated 
signal  is  then  passed  through  a  further  amplifier  which 
drives  the  output  valve. 

Fig.  8  shows  a  simplified  circuit  of  a  50  kW.  transmitter. 
A  crystal  oscillator  feeds  a  buffer  amplifier  and  then  a 
50  W.  amplifier  on  which  the  modulation  is  provided. 
The  modulated  output  is  then  amplified  by  two  neutral¬ 
ized  250  W.  valves,  which  then  feed  two  water-cooled 
valves  and  then  finally  feed  six  water-cooled  valves  in 
parallel  push-pull.  ^ 

The  power  supply  is'  of  interest  in  that  three-phase 
working  is  adopted.  The  three  phases,  being  spaced  120° 
apart,  provide  a  much  more  uniform  output  than  single 
phase  and  require  less  smoothing  in  consequence.  Single- 
Wave  rectification  is  adopted  on  the  low- voltage  supply  and 
double- wave  on  the  high  voltage,  this  providing  current 
pulses  every  00"^,  giving  improvement  in  efficiency.  (See 
Chapter  XVTl.) 

Screened  Valves. 

The  power  amplifiers  shown  utilize  triodes,  neutralized 
to  avoid  any  tendency  to  self-oscillation,  but  modern  prac¬ 
tice  is  tending  to  use  screen-grid  valves.  The  character¬ 
istics  of  a  screen-grid  power  amplifier  intended  for  positive 
drive  are  shown  in  Fig.  9.  The  limiting  effect  with  positive 
grid  volts  is  not  apparent  here,  and  while  there  is  the  same 
emission  limit  it  is  often  not  possible  to  reach  this  because 
the  load  line  must  be  so  chosen  that  equal  increments  of 
grid  voltage  produce  practically  equal  changes  of  anode 
current.  This  is  nearly  the  case  in  Fig.  9,  except  at  the 
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extreme  negative  end,  where  some  distortion  is  permissible, 
since  full  modulation  is  rarely  employed,  and  hence  the 
oscillating  current  never  falls  to  zero.  It  will  be  noted  that 
the  voltage  variation  is  also  limited,  owing  to  the  negative 
resistance  effect  which  occurs  if  the  anode  voltage  is  reduced 
below  the  screen  voltage  as  shown  dotted  on  the  Yg  ~  0 
curve;  and,  although  an  improvement  is  possible  with  a 
pentode,  screened  valves  in  general  give  less  output  than 
equivalent  triodes. 


Fig.  9.  Characteristics  of  Positive- drive 
Screen-grid  Valve 


Modulation. 

Choke  modulation  is  adopted  in  the  majority  of  instances. 
The  anode  supply  to  the  modulating  amplifier  is  obtained 
through  a  low-frequency  choke,  which  also  supplies  the 
anode  of  the  modulator  valve.  Variations  of  the  grid 
voltage  of  the  modulator  cause  variations  in  the  anode 
voltage,  and  since  the  anode  of  the  modulating  amplifier 
is  tied  to  the  anode  of  the  modulator,  the  voltage  varies 
in  the  same  manner  and  so  alters  or  modulates  the  ampli¬ 
tude  of  the  high-frequency  oscillations  as  required. 

Fig.  10  illustrates  a  modulated  wave,  and  it  will  be  seen 
that  with  100  per  cent  modulation  the  instantaneous  maxi¬ 
mum  value  of  the  oscillations  is  twice  the  mean  value  of 
the  carrier.  Hence,  the  instantaneous  power  radiated  is 
four  times  the  carrier  power.  This  has  to  be  supplied  in  the 
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form  of  alternating- current  power  by  the  modulator  valve, 
which  must  therefore  be  considerably  larger  than  that 
of  the  oscillator  valve  itself. 

This  discrepancy  is  to  some  extent  offset  by  the  fact  that 
the  mean  power  developed  by  the  oscillator  is  not  as  high 
as  it  could  be,  since  the  oscillator  must  be  operated  in 
such  a  condition  that  it  can  develop  four  times  its  power 
if  required.  Under  normal  conditions  of  modulation  the 
average  power  in  the  modulated  condition  is  about  50  per 


cent  greater  than  the  carrier  power,  so  that  the  unmodulated 
oscillator  is  only  working  at  some  60  per  cent  of  its  full 
efficiency.  Even  so,  from  two  to  five  modulator  valves  are 
usually  necessary  to  modulate  one  oscillator  valve  of  the 
same  type. 

At  first  sight  it  would  seem  that  if  the  modulator  valve 
had  the  same  standing  anode  current  as  the  oscillator  valve, 
conditions  would  be  satisfied,  but  a  little  thought  shows 
that  this  is  not  so.  In  the  first  place,  the  modulator  valve 
has  to  work  under  conditions  of  undistorted  output,  which 
is  not  an  efficient  condition,  and  the  anode  current  variation 
for  full  input  on  the  grid  is  rarely  more  than  50  per  cent 
of  the  steady  value.  Consequently,  in  order  to  obtain  the 
necessary  full  anode  current  change,  at  least  two,  and 
probably  three,  valves  must  be  used  in  parallel  or,  alterna¬ 
tively,  a  larger  valve  employed. 

The  oscillator  must  be  operated  under  such  conditions 
that  the  'anode  current  and  the  oscillating  current  are  both 
directly  proportional  to  the  anode  voltage.'  A  class  B 
amplifier  or  oscillator  under  suitable  conditions  will  fulfil 
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these  requirements,  but  it  is  equally  possible  that  it  will 
not  do  so  and  this  point  must  be  verified. 

Frequency  Modulation. 

Since  the  frequency  of  the  oscillations  generated  by  a 
valve  is  dependent  to  some  extent  on  the  constants  of 
the  valve,  and  since  these  tend  to  vary  with  the  anode 
voltage,  it  follows  that  an  ordinary  self-oscillating  valve 
modulated  as  described  will  vary  in  frequency  as  well  as 
amplitude  during  the  process.  This  is  undesirable,  par¬ 
ticularly  on  the  higher  frequencies,  where  a  small  percentage 
variation  in  the  frequency  may  produce  a  larger  change 
in  the  received  signal  than  the  whole  of  the  modulation. 

Modulation,  therefore,  is  seldom  employed  to-day  on  the 
actual  oscillating  valve,  even  when  special  frequency- 
stabilized  circuits  are  used.  The  oscillator  is  isolated  by 
being  passed  through  a  buffer  amplifier  before  reaching 
the  modulation  circuit,  as  already  shown  in  Figs.  7  and  8. 

Other  Methods  of  Modulation. 

Other  circuits  for  modulating  radio-frequency  currents 
have  been  devised  but  are  rarely  used.  The  grid-modulated 
class  B  amplifier  is  worth  mentioning,  as  this  is  sometimes 
employed  for  short-w^ave  working.  Here  the  grid  bias  is 
caused  to  vary  in  accordance  with  the  modulation,  and 
this  alters  the  amplitude  of  the  signals  in  the  plate  circuit. 
This  method  consumes  no  energy  to  speak  of  and  does  not 
require  large  modulating  valves,  but  it  gives  greater  dis¬ 
tortion  than  choke  modulation,  particularly  at  higher  values 
of  modulation. 

A  modification  of  the  choke  method  is  that  shown  in 
Fig.  11.  Here  the  h.t.  supply  to  the  oscillator  valve  is 
obtained  through  a  modulator  valve  in  series.  The  general 
action  is  similar  to  that  of  the  choke-modulated  case,  but 
the  system  has  the  advantage  that  the  frequency  charac¬ 
teristic  is  particularly  good,  i.e.  the  modulation  frequency 
is  immaterial  within  wide  limits.  With  the  choke  method 
the  effectiveness  of  the  modulation  depends  upon  the 
choke  presenting  a  uniform  impedance  over  the  whole  range 
©f  modulation  frequency. 
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The  direct  modulation  method,  however,  introduces  some 
distortion  at  high  modulation  depths.  The  expression 
“depth  of  modulation”  refers  to  the  relative  percentage  of 
the  modulation  voltage  and  the  carrier  voltage.  The  expres¬ 
sion  for  a  modulated  wave  e  —  E  sin  ca^(l  +  m  sin  pi) 


where  m  is  the  depth  of  modulation  and  p  the  modulation 
(angular)  frequency.  If  m  is  unity  we  have  100  per  cent 
modulation,  since  the  maximum  amplitude  of  the  modu¬ 
lating  wave  is  equal  to  that  of  the  carrier. 

Methods  of  estimating  the  modulation  depths  are  dealt 
with  in  Chapter  XIV. 

Frequency  Stability. 

The  variation  of  oscillation  frequency  with  the  conditions 
of  the  circuit  and  the  valve  have  already  been  mentioned* 
It  is  important  to  minimize  these  variations  as  much  as 
possible.  The  coils  and  condensers  of  the  fundamental 
oscillating  circuit  should  be  so  constructed  as  to  vary  little 
with  temperature  and  other  atmospheric  conditions.  This 
is  an  added  argument  in  favour  of  using  a  small  oscillator 
in  the  first  place,  since  it  is  obviously  easier  to  adopt 
such  a  coiistruction  when  the  dimensions  are  small. 

The  next  requirement  is  to  minimize  the  variations  caused 
by  changes  in  the  valve.  The  grid-filament  impedance  of 
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the  valve  is  shunted  across  one  portion  of  the  tuned  circuit 
and  the  anode-filament  impedance  across  another  portion. 
Any  variation  in  these  impedances  will  affect  the  frequency 
slightly,  for  the  resonant  frequency  of  a  tuned  circuit  is 
not  entirely  controlled  by  the  inductance  and  capacity, 


Fig.  12.  Typical  Const ant-freque\oy  Oscillator 
Circuit 


Li  +  La  + 

Lj  +  LoA*  -  UIA 


C  where  A 


Li  iJI 
La  -f  M 


but  is  also  affected  to  a  small  extent  by  the  resistance  in 
the  circuit.  The  presence  of  the  valve  resistances  across 
certain  parts  of  the  circuit  alters  its  effective  resistance  and 
hence  affects  the  frequency. 

It  can  be  shown  that  stable  operation  is  obtained  if 
either  the  anode  resistance  or  the  grid  resistance  of  the 
valve  can  be  maintained  constant.  One  method  of  main¬ 
taining  stability,  therefore,  is  to  use  the  highest  value  of 
grid  leak  which  can  be  employed  without  intermittent 
operation  (ticking).  Under  these  conditions,  the  grid 
resistance  of  the  valve  is  approximately  half  that  of  the 
grid  leak,  and  therefore  tends  to  remain  constant. 

An  alternative  method  is  to  include  a  resistance  or  a 
reactance  in  series  with  the  anode  of  the  valve.  The  effect 
of  variations  in  the  valve  resistance  is  thereby  minimized. 


Thirdly,  a  circuit  with  a  high  Q*  is  an  advantage, 


*  The  symbol  Q  is  used  for  the  magnification  of  a  circuit  =» 
LwIR. 
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because  a  change  of  frequency  then  produces  a  rapid  change 
of  phase,  and  this  exercises  a  correcting  influence  on  the 
frequency. 

Constant  Frequency  Oscillators. 

It  is  impossible  to  discuss  here  the  theory  underlying 
this  statement,  but  by  following  up  this  question  of  phase 
displacement  it  is  possible  to  devise  oscillators  in  which 
the  frequency  is  independent  of  variations  in  the  valve 
characteristics.  The  reader  is  referred  to  a  paper  entitled 
“Constant  Frequency  Oscillators^”  by  F.  B.  Llewelljm,  in 
the  Proceedings  of  the  I.R.E,,  December,  1931.  The  proce¬ 
dure,  in  effect,  lies  in  introducing  into  either  grid  or  anode 
lead  a  phasing  impedance  of  such  a  value  that  any  change 
of  phase  due  to  frequency  variation  alters  the  frequency 
by  the  exact  amount  required  to  keep  the  frequency  con¬ 
stant.  Fig.  12  shows  a  typical  circuit. 

Electro-mechanical  Oscillators. 

The  increasing  call  for  extreme  stability  of  frequency, 
necessitated  by  modern  conditions,  has  led  to  the  develop¬ 
ment  of  methods  embodying  mechanical  resonant  circuits. 
When  a  large  number  of  channels  is  required,  operating 
within  a  limited  band  of  frequency,  the  band  width  per 
channel  has  to  be  strictly  adhered  to.  Any  serious  wander¬ 
ing  of  the  carrier  frequency  will  cause  the  side  bands  to 
overlap,  producing  an  unintelligible  but  noticeable  “cross¬ 
talk,”  knowTi  as  side-hand  splash. 

A  mechanical  resonator  is  very  sharply  tuned  and  can 
be  kept  operating  within  limits  of  a  few  parts  in  a  million. 
One  commonly  used  device  is  the  quartz  crystal.  A  suit¬ 
ably  cut  plate  of  quartz,  subjected  to  electrical  stress,  will 
oscillate  longitudinally  (i.e.  by  contraction  and  expansion 
about  one  of  its  axes),  and  this  forms  the  basis  of  a  very 
stable  oscillator.  The  subject  is  discussed  more  fully  in 
Chapter  XII. 

For  l6ng-wave  transmissions,  use  has  also  been  made  of 
tuning  forks  and  magneto-striction  oscillators.  A  tuning 
fork  will  only  operate  at  an  audio  frequency,  and  hence 
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several  stages  of  frequency  multiplication  must  be  used  to 
arrive  at  the  required  radio  frequency. 

Uagneto-striction. 

Magneto -striction  oscillators  are  sometimes  used,  while 
the  effect  has  also  been  employed  in  other  direc*tions.  Some 
materials,  such  as  stainless  steel,  cobalt  steel,  nickel  and 
invar,  show  an  appreciable  change  in  length  when  sub¬ 
jected  to  a  magnetic  field.  A  rod  of  the  material,  housed 
in  a  long  solenoid  carrying  a.c.,  will  thus  vibrate  longi¬ 
tudinally  at  the  frequency  of  the  a.c.  (provided  a  d.c. 
polarizing  current  is  also  applied  to  prevent  the  magnetic 
field  from  reversing.  Otherwise  it  will  vibrate  at  twice  the 
applied  frequency,  since  the  magneto -striction  effect  is 
independent  of  the  direction  of  the  magnetism). 

An  oscillator  can  be  constructed  by  coupling  two  coils 
to  the  rod,  each  extending  from  near  the  centre  to  the 
end,  and  connecting  these  in  the  anode  and  grid  circuit  of 
a  valve.  A  small  current  in  the  anode  coil  will  set  the  rod 
vibrating,  and  this  will  induce  voltages  in  the  grid  coil, 
which,  if  correctly  phased,  will  provide  amplified  currents 
in  the  anode  coil  and  hence  build  up  the  oscillation.  The 
rod  will  vibrate  as  a  half-wave  resonator,  so  that  the  centre 
point  is  a  node  and  may  be  rigidly  clamped. 

The  frequency  of  vibration  is  determined  almost  entirely 
by  the  rod,  irrespective  of  the  circuit  conditions,  and  is 
given  by  vjl,  where  v  is  the  velocity  of  sound  in  the  material 
and  I  the  length  of  the  rod.  Frequencies  ranging  from  one 
to  several  hundred  kc/s.  can  be  produced  by  this  means, 
the  upper  limit  occurring  when  the  skin  effect  in  the 
material  prevents  the  magnetic  field  from  penetrating  to 
an  adequate  depth.  The  stability  is  far  better  than  ordinary 
methods,  but  not  equal  to  that  obtainable  with  good 
quartz  oscillators. 

For  further  information,  the  reader  should  refer  to  a 
paper  by  G.  W.  Pierce,  Proc,  I.R.E.,  Jan.,  1929. 

Coil  Construction. 

The  heavy  currents  to  be  carried  in  a  high-powered 
transmitter,  particularly  in  the  later  stages,  necessitate 
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special  conductors.  Solid  wire  is  not  used  in  general 
practice  owing  to  the  skin  effect,  and  copper  tube  or  strip 
is  usually  employed.  Loosely-woven  copper  braid  is  em¬ 
ployed  for  flexible  connexions.  Stranded  (Litzendraht) 
cable  is  very  expensive  in  large  sizes  and  is  used 
sparingly. 

The  heating  of  the  coil  causes  expansion  of  the  turns, 
which  is  a  factor  requiring  attention  during  the  design  of 
the  coil.  Any  simple  wind  on  a  former  is  unsatisfactory, 
because  as  soon  as  the  coil  heats  up  in  use  the  turns  will 
become  slack,  and  with  alternate  heating  and  cooling  the 
mechanical  rigidity  of  the  coil  is  very  soon  destroyed. 

A  built-up  form  of  construction  is  usually  adopted, 
partly  to  allow  for  this  and  partly  to  minimize  the  di¬ 
electric  losses  as  explained  in  the  next  section.  The  former 
is  made  with  a  series  of  longitudinal  ribs  on  which  the 
wire,  tube,  or  strip  is  wound.  The  turns  are  located  in 
grooves  and  are  rigidly  held  at  these  points.  The  number 
of  ribs  must  be  so  chosen  in  relation  to  the  thickness  of  the 
wire  and  the  diameter  of  the  coil,  so  that  under  the  worst 
conditions  of  overheating  likely  to  be  experienced  in  prac¬ 
tice,  the  wire  \^ill  not  become  slack  enough  to  affect  the 
operation,  and  any  deformation  will  not  be  permanent. 

Dielectric  Materials. 

The  material  for  the  insulation  also  requires  careful 
selection.  Eddy  currents  circulate  in  the  dielectric  and 
generate  heat,  wdiich  not  only  absorbs  power  from  the 
circuit,  but  may  constitute  an  actual  fire  risk  if  the  material 
is  not  suitable.  Hard  rubber  compounds,  such  as  ebonite, 
are  not  usually  employed  except  at  quite  low  frequencies, 
for  the  sulphur  content  of  the  material  overheats  due  to 
the  influence  of  the  radio -frequency  fields,  and  with  short 
waves  this  effect  is  so  marked  as  to  render  the  use  of 
ebonite  quite  impossible. 

Paper  products  impregnated  with  suitable  composition 
are  widely  used.  Thin  sheets  of  paper  are  either  com¬ 
pressed  together  to  form  one  thick  slab,  or  are  rolled  up  to 
form  rod  of  circular  or  other  section.  The  paper  is  impreg¬ 
nated  with  bakelite  varnish  or  other  special  insulating 
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varnish,  and  in  some  cases  linen  is  employed  to  give  greater 
mechanical  strength.  This  class  of  product  goes  by  various 
trade  names,  such  as  Paxolin  or  Tufnol. 

Mica  is  considerably  used  for  small  parts,  but  its  brittle¬ 
ness  seriousl}^  limits  its  application.  There  are,  however, 
various  mica  products  formed  by  bonding  powdered  mica 
with  suitable  materials  and  forming  sheets  or  slabs.  A  par¬ 
ticular  example  is  a  s\mthetie  red  coloured  material  com¬ 
posed  of  rubber  and  mica,  known  by  various  trade  names 
such  as  Keramot,  vSilvonite,  etc.  It  is  v^ery  good  for  medium 
radio  frequencies,  and  combines  low  losses  vitli  high  dielec¬ 
tric  strenjrth  (55  kV  per  mm  ). 

A  material  which  is  much  used,  particularly  for  high- 
frequency  work,  is  Mycalex,  which  is  ground  mica  bonded 
with  lead  borate  glass  and  moulded  under  pressure  at 
about  675°  C.  It  is  a  dull  grey  material  which  can  be 
machined  with  special  tools.  A  number  of  o^^her  synthetic 
materials  are  coming  to  the  fore. 

Porcelain  is  suitable  for  many  applications.  This  is  a 
ceramic  material  containing  mainly  china  clay  (kaolin), 
flint,  and  feldspar,  which  are  finely  ground  and  mixed,  and 
then  mixed  with  a  small  quantity  of  moisture  to  enable 
them  to  be  moulded.  They  are  then  fired  and,  for  some 
applications,  glazed  to  provide  a  smooth  surface.  It  is 
also  possible  to  use  a  dry  casting  process  in  which  the 
powder  is  formed  into  the  required  shape  under  pressure 
without  firing. 

Similar  ceramic  compounds  have  been  highly  developed, 
particularly  for  short-wave  work.  Magnesium  silicate  is 
also  used  instead  of  clay  (w^hich  is  an  aluminium  silicate) ; 
while  steatite,  which  is  a  purified  talc  sometimes  known  as 
soapstone,  is  also  utilized. 

The  ceramic  insulators  are  probably  the  best  from  the 
point  of  view  of  dielectric  properties,  but  because  of  their 
fragility  they  are  only  used  in  positions  where  the  highest 
efficiency  is  essential. 

Layout. 

The  transmitting  apparatus  itself  is  usually  housed  in 
one  or  more  cubicles  of^jteel  frame  construction,  so  arranged 
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that  access  to  the  ‘live”  parts  cannot  be  obtained  without 
disconnecting  the  supply. 

This  is  an  important  proviso  in  view  of  the  high  voltages 
involved,  and  considerable  care  has  to  be  taken  to  make 
the  operation  safe. 

In  many  instances,  as  in  the  transmitters  of  the  B.B.C., 
for  example,  each  stage  in  the  chain  is  duplicated,  includ¬ 
ing  the  valves,  and  by  throwing  over  a  switch  the  current 
may  be  routed  through  the  alternative  stage.  This  enables 
continuity  of  service  to  be  maintained.  Both  channels  are 
tuned  up  and  the  valves  kept  alight,  so  that  a  simple 
change  over  of  connections  is  all  that  is  required. 

The  main  controls  are  on  the  transmitter,  but  controls 
of  input,  modulation,  etc.,  are  cfiFected  from  a  remote  con¬ 
trol  desk,  on  which  are  duplicated  the  principal  circuit 
meters  and  a  monitor  of  the  output,  so  that  the  control 
engineer  can  see  the  situation  at  a  glance. 

Valves  for  Transmitters. 

Transmitting  valves  are  similar  to  those  employed  for 
receiving  purposes,  except  that  they  are  larger  in  size  and 
are  designed  to  dissipate  heat  very  readily  from  the  anode 
and  to  a  smaller  extent  from  the  grid.  The  valves  are 
designed  to  give  a  high  peak  emission,  the  ratio  of  peak 
emission  to  mean  anode  current  being  of  the  order  of 
10  to  1. 

In  order  to  increase  the  peak  dissij)ation  at  the  anode, 
materials  arc  used  which  will  run  at  a  higher  temperature. 
Molybdenum  is  one  such  material,  and  anodes  made  with 
this  will  run  at  a  cherry  red.  Another  method  of  increasing 
radiation  is  to  blacken  the  anode,  since  a  black  body  radiates 
heat  better  than  a  bright  one.  Still  another  method  is  to 
use  carbon  for  the  anode,  and  this  is  increasingly  employed 
to-day.  The  main  difficulty  is  to  get  rid  of  the  occluded 
gases,  but  with  improving  methods  of  technique  this  is 
becoming  easier. 

Heat  dissipation  is  by  direct  radiation  from  the  anode 
to  the  glass  and  thence  ordinary  convection.  Since  a  large 
bulb  has  to  be  employed,  in  order  that  the  glass  shall 
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Fig.  13.  X-ray  Photo¬ 
graph  OP  Marconi  High- 
power  Water-cooled 
Transmitting  Valve 

{By  courtesy  of  Marconi* s 
W.  T.  Co.) 


not  soften,  this  ultimately  sets 
a  limit  to  the  size  of  the  valve. 
Forced  draught  cooling  has  been 
employed,  and  even  oil-immersed 
valves  have  been  used,  but  the  im¬ 
provement  was  not  sufficient. 

The  next  stop  was  in  the  direc¬ 
tion  of  silica  valves,  since  this 
material  will  run  at  a  higher 
temj)erature  than  glass.  A  silica 
envelope,  however,  is  very  expen¬ 
sive,  and  valves  of  this  type  are 
usually  made  demountable,  the 
(‘onstruction  being  such  that  if  the 
filament  burns  out  the  base  of 
the  valve  can  be  removed,  a  new 
filament  fitted,  the  base  relined  up 
and  welded  to  the  envelope,  and 
the  whole  re-exhausted. 

The  latest  and  undoubtedly  the 
most  successful  technique  is  that  of 
using  cooled-anode  valves.  Here 
the  anode  itself  is  made  the  outer 
container  of  the  valve.  The  grid  and 
filament  assemblies  are  mounted  on 
a  glass  foot  as  usual,  and  this  is 
sealed  into  the  anode.  For  medium 
powers  this  is  sufficient  in  itself. 
The  anode  is  usually  formed  with 
l.irge  cooling  fins  to  increase  the 
radiation. 

For  still  larger  pow(Ts  the  anode 
itself  is  immersed  in  a  water  jacket, 
around  which  a  constant  supply 
of  water  circulates.  This  keeps  the 
anode  cool  and  dissipates  the  heat 
very  satisfactorily. 

Since  the  anode  is  at  a  high 
potential,  the  water  circuit  has 
to  be  suitably  insulated,  and  this 
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is  usually  done  by  connecting  the  supply  to  the  anode 
through  a  long  length  of  rubber  hose  suitably  coiled  up. 
Valves  of  this  type  are  in  daily  use  handling  powers  of  25 
and  50  kilowatts  each,  and  banks  of  such  valves  handling 
radio-frequency  outputs  of  500  kilowatts  or  more  are 
employed  in  modern  technique. 

Certain  specialized  developments  are  necessitated  by 
short-wave  working,  but  these  are  discussed  more  fully 
in  Chapter  XII. 


EXAMPLES  I 

(1)  In  a  transmitter  operating  on  377  metres  the  closed 
circuit  inductance  is  200/iH.  and  the  resistance  5  ohms. 
If  the  aerial  inductance  is  50 /iH.  and  the  aerial  resistance 
is  5  ohms,  calculate 

(a)  The  maximum  mutual  inductance  permissible ; 

(b)  The  percentage  of  power  transferred  to  the  aerial. 

(Estimate  this  in  terms  of  the  increase  in  primary 

resistance  due  to  the  aerial.) 

(2)  If  double-humping  is  to  be  avoided,  the  volt-amperes 
in  the  secondary  must  be  less  than  that  in  the  primary. 
On  this  basis  prove  that  the  limiting  coupling  is 

M  = 

(The  volt-amperes  are  the  product  of  the  volts  across  the 
coil  (or  condenser)  and  the  current  in  the  circuit.) 

(3)  Calculate  the  approximate  tap  on  the  closed  circuit 
of  question  (1)  to  match  the  circuit  to  a  valve  having  an 
optimum  load  of  1  600  ohms. 


CHAPTER  II 

THE  TRANSMITTING  AERIAL 

Having  generated  radio-frequency  oscillations  in  a  radio 
transmitter,  it  is  then  necessary  to  cause  these  oscillations 
to  radiate  wireless  waves  as  effectively  as  possible.  To  do 
this  it  is  necessary  to  cause  the  current  to  flow  backwards 
and  forwards  in  an  elongated  wire  known  as  the  aerial 
or  antenna. 

The  idea  of  a  wave  being  produced  as  a  ripple  in  a 
line  of  force,  rather  like  a  ripple  produced  by  jerking  a 
rope  with  the  hand,  has  already  been  propounded  in 
Volume  I,  and  it  will  be  clear  that  the  larger  we  can  make 
this  ripple  the  stronger  will  be  the  wave  produced. 

Our  aim,  therefore,  is  to  cause  the  electric  current  to 
flow  between  two  points  as  far  apart  as  possible,  and  for 
most  purposes  of  radio-frequency  transmission  these  points 
are  situated  vertically  apart.  Hence,  it  becomes  necessary 
to  erect  a  mast  or  tower  of  some  kind  to  support  a  vertical 
wire  into  which  the  current  may  be  fed.  The  passage  of 
the  electrons  up  and  down  this  wire  will  produce  the  desired 
radiation. 

Natural  Wavelength. 

Now,  since  a  wire  possesses  inductance  and  capacitance  of 
its  own,  there  will  obviously  be  some  particular  frequency 
at  which  the  inductance  and  capacitance  of  the  wire  resonate 
so  that  the  aerial  itself  constitutes  an  oscillating  circuit. 
This  occurs  when  the  length  of  the  wire  is  about  80  per 
cent  of  the  wavelength  of  the  radiation  which  would  be 
generated  by  current  of  that  particular  frequency.  An  aerial 
in  such  a  condition  is  said  to  be  operating  at  its  natural 
wavelength,  and  it  is  interesting  to  consider  such  an  aerial 
in  detail. 

The  inductance  and  capacitance  are  not  concentrated,  but 
are  more  or  less  uniformly  distributed  over  the  whole  length. 
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Consequently,  the  current  and  voltage  will  not  be  uniform, 
but  will  vary  from  place  to  place  along  the  wire. 

The  current  at  the  end  of  the  wire  must  clearly  be  zero, 
because  there  is  no  other  path  for  the  current,  and  since 
the  arrangement  is  symmetrical  the  current  at  the  centre 
will  also  be  zero,  the  distribution  being  sinusoidal  in  form 
as  shown  in  Fig.  14  (a). 

The  current  is  thus  in  the  opposite  direction  in  the  two 


Fig.  14.  Distribution  of  Curuent  and  V'oltage  on 
A  Wire  Oscillating  Naturally 


halves  of  the  aerial,  so  that  the  radiations  would  cancel  out. 
If  we  want  to  radiate  we  must  limit  the  length  to  a  half 
wavelength  as  shown  in  Fig.  14  (6),  where  we  have  zero 
current  at  each  end  and  a  maximum  in  the  middle. 

The  instantaneous  value  of  the  current  at  the  centre 
(or  at  any  other  part)  will,  of  course,  be  varying  from 
instant  to  instant  according  to  the  oscillation  frequency, 
but  if  we  consider  the  r.m.s.  value,  we  shall  find  that 
the  distributioa  of  current  is  of  the  form  shown. 

Now,  in  an  oscillating  circuit  we  know  that  when  the 
current  is  zero  the  voltage  is  a  maximum,  and  vice  versa, 
and  hence  the  voltage  distribution  will  be  as  shown  in 
Fig.  14  (c),  with  the  maximum  voltage  at  each  end  and 
zero  voltage  in  the  middle.  The  voltages  at  the  two  ends 
will  of  course  be  equal  and  opposite. 
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Earthed  Aerials. 

If,  instead  of  using  a  half-wave  aerial  such  as  this,  freely 
suspended  in  space,  we  connect  the  bottom  end  to  the 
ground  we  find  that  the  current  in  the  aerial  induces 
currents  in  the  earth,  which  produce  the  effect  of  an  image 
of  the  aerial  in  the  ground.  This  enables  us  to  reduce 
the  aerial  length  by  half,  so  that  we  have  a  quarter  wave¬ 
length  above  the  ground,  the  remainder  of  the  aerial  being 
supplied  by  the  image  in  the  earth  itself. 

This  clearly  gives  a  convenient  arrangement,  for  it  brings 


Fig.  15.  Quakter-  Fig.  16.  Oltrrent  Distri- 
WAVE  Aerial  bution  on  Long-wave  Aerial 

the  point  of  zero  voltage  and  maximum  current  actually 
at  the  ground,  vhich  is  what  we  want.  The  aerial  would 
be  coupled  through  a  coil  or  by  other  suitable  means  to 
the  closed  oscillating  circuit  of  the  transmitter,  and  would 
definitely  be  connected  to  earth  at  the  bottom  end. 

The  question  now  arises  as  to  whether  we  can  use  an 
aerial  of  this  type.  The  production  of  a  wire  a  quarter 
wavelength  long  is  rather  difficult  when  we  are  dealing 
with  wavelengths  of  the  order  of,  say,  3  000  metres.  The 
wire  would  have  to  be  nearly  half  a  mile  high,  which  is 
impracticable. 

We  have  two  alternatives.  One  is  to  make  the  wire  as 
high  as  we  can  and  then  bend  over  the  top  for  the  remainder 
of  the  required  length.  This  can  be  done  up  to  a  point, 
provided  the  horizontal  top  is  not  too  long  relative  to  the 
vertical  height.  Otherwise  the  major  part  of  the  current  is 
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providing  horizontal  radiation  down  into  the  ground  or 
up  into  space,  which  is  not  what  we  want.  The  other 
alternative  is  to  include  a  loading  inductance  at  the  bottom 
of  the  aerial — in  other  words  to  coil  up  the  bottom  part 
of  the  aerial  in  a  confined  space. 

This  second  alternative  enables  us  to  reduce  the  actual 
length  of  aerial  wire  required  to  tune  the  aerial  circuit 
to  the  required  frequency,  but  it  has  the  disadvantage  that 
the  maximum  current  is  flowing  in  the  coil,  which  has 
poor  radiating  properties,  while  the  cur¬ 
rent  which  flows  in  the  aerial  itself  is 
only  the  relatively  small  current  which 
exists  towards  the  top  of  the  aerial,  being 
actually  nothing  at  the  far  end.  In 
practice,  therefore,  a  compromise  be¬ 
tween  the  two  methods  is  used  for  medium 
and  long  waves,  the  aerial  being  provided 
with  a  flat  top,  usually  from  one  to  three 
times  the  actual  height,  and  a  loading 
inductance  included  at  the  base  of  the 
aerial  in  order  to  bring  the  aerial  up  to  the 
tuning  point. 

As  one  increases  the  frequency  of  the 
oscillation  the  aerial  length  is  proportion-  Condenser 
ally  reduced,  and  it  becomes  practicable 
to  employ  aerials  half  a  wavelength  long.  A  discussion 
of  this  class  of  aerial  is  given  in  Chapter  XTI,  dealing 
with  short-wave  operation.  Reference  may  be  made,  how¬ 
ever,  to  a  type  of  aerial  occasionally  employed  for  the 
shorter  medium  waves  ranging  from  150-250  metres. 

In  order  to  maintain  a  large  effective  height,  masts 
200-300  ft.  high  may  be  employed,  and  the  length  of  the 
aerial  in  this  case  becomej  greater  than  the  quarter  wave¬ 
length.  It  is  then  no  longer  practicable  to  feed  in  current 
at  the  ‘‘node’’  in  the  centre,  nor  is  the  earth  point  at 
zero  potential.  A  loading  inductance  is  of  no  value  here, 
and  it  is  necessar}"  to  insert  a  condenser  in  the  aerial 
circuit  as" well  as  an  inductance,  and  to  adjust  these  so 
that  the  total  effective  length  of  the  aerial  is  three- 
quarters  of  a  wavelength.  The  earth,  then,  again  becomes 
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a  point  of  maximum  current  and  zero  voltage,  as  shown 
in  Fig.  17. 

Directional  Radiation. 

Where  the  aerial  is  of  the  same  order  as,  or  several 
times  greater  than,  the  wavelength  of  the  transmission  in 

question,  the  radiation  is  not 
by  any  means  uniform  in  all 
directions.  This  point  is  dis¬ 
cussed  in  more  detail  in 
Chapter  XII,  but  it  is  worth 
noting  that  even  with  aerials 
appreciably  shorter  than  the 
natural  wavelength,  directional  properties  are  obtained. 
With  a  flat- topped  aerial,  for  example,  the  radiation  from 
the  horizontal  portion  interacts  with  that  from  the  vertical 
portion  and  strengthens  the  radiation  in  one  direction  while 
diminishing  it  in  the  other.  An  "‘L”  aerial,  such  as  that 
shown  in  Fig.  18,  would  thus  tend  to  radiate  upwards  and 
more  strongly  away  from  the  horizontal  top,  as  indicated 
in  the  figure. 

Non-fading  Aerials. 

For  broadcasting,  a  special  technique  is  often  adopted. 
In  the  immediate  neighbourhood  of  a  station  the  trans¬ 
mission  is  accomplished  by  the  ground  wave  radiated 
horizontally  from  the  transmitter.  After  a  short  time  this 
dies  out  and  reception  is  accomplished  practically  entirely 
by  the  indirect  ray  which  is  reflected  from  the  Heaviside 
Layer,  as  described  in  Volume  I,  Chapter  XXIX.  Trans¬ 
missions  by  the  indirect  ray  are  liable  to  fade  from  time 
to  time  due  to  periodic  variations  in  the  Heaviside  Layer 
or  rotation  of  the  plane  of  polarization  of  the  wave  during 
reflection,  and  therefore  the  broadcast  engineer  only  con¬ 
siders  his  station  to  be  effective  over  the  area  served  by 
the  ground  ray. 

Unfortunately,  before  the  ground  ray  has  really  died 
out,  interference  begins  to  creep  in  from  high-angle  radia¬ 
tion  which  leaves  the  transmitter  in  an  u])ward  direction 


Fig.  18.  An  “L”  Aerial  is 
Partially  Directional 
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and  is  sharply  reflected  by  the  Heaviside  Layer  so  that  it 
returns  to  earth  in  a  comparatively  short  distance  (anything 
from  100  miles  upwards  with  ordinary  broadcast  wave¬ 
lengths).  This  high-angle  radiation  suffers  from  fading  and 
distortion  in  the  same  manner  as  the  longer  range  inject 
ray  and  if  it  is  compaj*able  in  strength  with  the  ground  ray 
at  any  given  point  serious  fading  will  obviously  be  obtained. 


Fu..  19.  Illustrating  Relative  Increase 
IN  Horizontal  Radiation  with 
Half-wave  Aerial 

Thc*re  has,  therefore,  been  some  research  of  recent  years 
into  special  forms  of  aerial  which  minimize  this  high-angle 
radiation  and  at  the  same  time  accentuate  the  horizontal 
radiation,  both  of  which  will  increase  the  ratio  of  ground 
A\av('  to  sky  wave  at  a  given  distance  from  the  transmitter 
and  consequently  will  increase  the  service  area  of  the 
station.  Fortunately,  the  form  of  aerial  required  is  rela¬ 
tively  simple. 

Suppose  we  consider  a  simple  vertical  wire  half  a  wave¬ 
length  long.  Each  portion  of  the  wire  will  radiate  energy 
according  to  the  current  at  that  point.  Consider  a  wave 
generated  by  the  current  at  the  base  of  the  aerial  and 
travelling  in  an  upward  direction.  At  the  same  instant  a 
similar  wave  is  being  generated  by  current  at  the  top.  But 
this  second  wave  will  be  ahead  of  the  wave  produced  by 
the  base,  and  in  fact  by  the  time  the  base  wave  has  reached 
the  top,  th6  current  at  the  top  will  be  flowing  in  the  opposite 
direction  and  will  generate  a  wave  which  will  cancel  out 
the  wave  which  arrives  from  the  base.  This  will  be  clear 
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because  the  time  taken  for  a  wave  to  travel  half  a  wave¬ 
length  is  exactly  lialf  a  period,  so  that  the  current  will  have 
completely  reversed. 

Waves  leaving  from  intermediate  points  on  the  aerial 
will  of  course  not  completely  cancel  out,  but  it  will  be  clear 
that  the  upward  radiation  will  be  distinctly  limited.  More¬ 
over,  if  we  make  the  aerial  still  more  than  half  a  wavelength 
long  the  current  in  the  top  portion  will  begin  to  emit 
reverse  radiation  to  an  increasingly  strong  extent,  for 
beyond  half  a  wavelength  the  current  reverses  as  shown 
on  page  27. 

On  the  other  hand,  the  ground  wave  will  suffer  if  the 
aerial  is  made  much  more  than  half  a  wavelength  long 
because  the  radiations  in  the  horizontal  plane  are  in  phase 
and  hence  the  waves  from  the  top  portion  will  oppose  those 
from  the  bottom  portion  due  to  the  reversal  of  the  current. 
Experiments  show  that  an  optimum  condition  is  obtained 
when  the  length  of  the  aerial  is  about  0-6A,  and  a  number 
of  these  aerials  have  been  erected  recently  both  in  America 
and  Europe. 

The  usual  procedure  is  to  make  the  mast  itself  the  aerial. 
It  is  built  in  a  gradually  increasing  section  up  to  about 
0-25A  after  which  the  section  decreases  again.  The  ultimate 
section  is  often  a  simple  vertical  rod  on  top  of  the  mast 
proper.  The  base  of  the  mast  has  to  be  insulated  because 
it  is  at  the  maximum  potential,  and  it  must  be  connected 
to  the  top  of  an  oscillating  circuit  equivalent  to  a  quarter - 
wave  aerial  to  bring  the  earth  point  at  low  potential.  It  is 
fed  through  feeders  from  the  transmitter  in  the  usual  way. 
(See  next  chapter.) 

Fig.  19  shows  the  improvement  in  conditions  with 
increasing  height.  The  vertical  axis  is  the  horizontal  field 
strength  divided  by  the  square  root  of  the  power  input, 
which  is  the  criterion  which  concerns  the  engineer  whose 
object  is  to  produce  the  maximum  horizontal  radiation  for 
a  given  power.  It  will  be  seen  that  with  a  height  of  0*6 A 
there  is  an  increase  of  nearly  50  per  cent  in  the  horizontal 
radiation,  while  as  explained  at  the  beginning  the  high- 
angle  radiation  is  limited  because  of  the  opposing  effect  of 
the  radiation  from  the  top  portion  of  the  aerial. 
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Readers  who  wish  to  follow  the  subject  further  should 
refer  to  an  article  by  Ballantine,  entitled  “High  Quahty 
Radio  Broadcasting,”  Proc.  May,  1934,  Vol.  22, 

page  616. 

The  conditions  are  different  when  we  are  dealing  with 
short  waves,  for  here  it  is  possible  to  use  aerials  of  a  length 


Fig.  20.  Itj.ustrating  Radiation  from  a  Short  Length 
OP  Wire 

comparable  with  the  wavelength,  and  this  demands  special 
treatment,  which  is  considered  in  more  detail  in  (liapter  XTI. 

Formation  of  Waves. 

In  assessing  the  actual  field  strength  radiated  by  an 
aerial,  it  is  necessary  to  consider  the  radiation  from  a  very 
small  portion  of  the  wire  in  which  the  current  may  be 
assumed  constant,  and  then  to  integrate  the  effect  of  all 
such  small  elements  with  due  allowance  for  the  gradually 
diminishing  current  as  we  approach  the  end  of  the  aerial. 

It  is  instructive  to  consider  briefly  the  mechanism  of 
radiation. Fig.  20  represents  a  line  of  force  from  an 
electron  at  A  moving  uniformly  upwards  with  a  velocity  v. 

Let  us  now^  suppose  that  for  a  short  time  6t,  the  electron, 
accelerates  to  B.  Its  new  velocity  will  be  ??  -f  a  .  dt,  where 
a  is  the  acceleration,  and  the  new  line  of  force  will  radiate 

*  For  a  rigid  treatment,  the  reader  should  refer  to  Wireless  by 
L.  B.  Turner  (Cambridge  University  Press),  the  first  two  chapter*^ 
of  which  are  very  helpful  in  clarifying  fundamental  conceptions. 
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from  B.  But  any  disturbance  is  transmitted  through  the 
ether  at  a  finite  velocity  =  c,  the  velocity  of  light.  At  a 
distant  point,  therefore,  the  information  regarding  the 
new  position  of  the  electron  will  only  arrive  after  a  definite 
lapse  of  time. 

Actually  after  a  time  t,  the  information  will  have  reached 
a  point  ct  distant,  so  that  anywhere  beyond  a  sphere  of 
this  radius  the  lines  of  force  still  emanate  from  A,  Inside 
a  sphere  of  radius  c(t  —  8t)  they  will  emanate  from  J5. 
In  between  the  two  the  lines  are  ‘‘kinked’’  as  shown,  and 
it  is  this  kink  which  constitutes  the  wireless  “wave.” 

We  can  resolve  the  “kink”  CD  radially  and  tangentially. 
The  electric  field  along  a  line  of  force  (from  the  funda¬ 
mental  laws  of  electrostatics)  is  e/r^,  where  r  is  the  dis¬ 
tance  from  the  electron.  Along  DC  it  will  be 

^2  I  cos  CDE 

Resolving  this  radially  and  tangentially,  we  have 


Radial  component  — 
Tangential  component 


cos  ('DE 


r-  cos  CDE  r-  DE 

The  radial  component  is  thus  the  same  as  the  normal 
radial  field,  while  the  tangential  component  is  the  radial 
field  multiplied  by  CEjDE. 

Now%  CE  =  AB  sin  0  ~  at  .  dt .  sin  0 

while  if  the  point  C  is  far  from  A ,  DE  is  substantially  equal 
to  the  difference  in  radius  of  the  two  spheres. 

I.e.  DE  ct  —  c(t  —  8t)  —  c8t 

CE  at  sin  6  ar  sin  0  . 

=  -  = - 5 —  since  r  =  ct. 

DE  c  c2 

e  a  sin  0 


Hence  the  tangential  component  = 
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It  should  be  noted  that  this  expression,  denoting  the 
field  strength  of  the  wireless  wave,  is 

{a)  Proportional  to  the  acceleration  a,  so  that  the  mo^e 
rapidly  we  accelerate  the  electrons  (i.e.  the  higher  the  fre¬ 
quency  of  the  oscillation)  the  greater  the  effect. 

(6)  Inversely  proportional  to  the  radius  r  whereas  the 
normal  induction  is  proportional  to  1/r^  and  hence  rapidly 
becomes  negligible. 

(c)  Proportional  to  sin  6,  and  is  therefore  greatest  in  the 
horizontal  direction  and  zero  in  the  azimuth. 

Radiation  from  an  Aerial. 

We  now  have  to  apply  this  reasoning  to  the  practical 
case  of  an  aerial.  Consider  a  current  i  =  1  sin  cot  flowing 
in  a  wire  of  length  1.  Let  v  be  the  velocity  of  the  elec¬ 
trons  in  the  wire.  Then  the  current,  in  terms  of  the  total 
charge  on  the  electrons,  e,  is  evjl  in  electrostatic  units 

or  evjl  X  3  ^  amps. 

Hence  v  =  3  X  10^  - 1  sin  (oi 

i 

dv  3  X  10®  (1)11  cos  cot 

The  acceleration  a  =  -j:  ”  - 

dt  e 

By  substitution  in  the  formula  previously  obtained,  we 
have  that  the  electric  field  strength 

3  X  10®a>Z7  sin  6 

e  = - 2 - cos  cot  * 

c^r 

This  is  in  electrostatic  units  and  to  convert  it  to  volts  we 
multiply  by  300,  giving 

9  X  1011  fuZ/sine 

e  = - ^ - cos  cot  volts/cm. 

The  simplest  form  of  practical  aerial  is  the  Hertzian 
doublet,  consisting  of  two  plates  or  bodies  joined  by  a  wire 

*  Strictly,  the  last  term  should  be  cos  a>(^  —  r/c),  but  this  can  be 
neglected  in  a  simple  exposition  such  as  the  present. 
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(Fig.  21).  The  capacitance  is  assumed  all  concentrated  in 
the  ends  and  the  inductance  of  the  wire  is  neglected  so 
that  the  current  is  uniform.  A  j)ractical  long- wave  aerial  is 
equivalent  to  half  of  a  doublet,  the  lower  half  being  formed 
by  an  “image  ”  below  the  ground.  Writing  h  for  the  height 


Fig.  21.  Thj:  Hertzian  Doublet 


of  the  half  doublet,  cu  27tc/A  and  c  -=  3  X  10^®  cm.  sec., 
our  expression  for  field  strength  becomes 


12077  ^  sm  0  cos  oat  volts  per  cm. 


For  many  purposes  we  are  concerned  only  with  the 
radiation  in  the  horizontal  plane,  when  sin  d  becomes  1. 
Then  in  r.m.s.  terms,  and  wTiting  h,  A  and  r  in  metres,  we 
have 

e  =  377  Ihjkr  volts  per  metre. 

These  are  the  fundamental  expressions  for  radiation 
from  an  aerial  and  show  that  the  field  strength  at  any 
distance  from  the  transmitter  is  proportional  to  the  aerial 
current  and  (effective)  height  and  inversely  dependent  on 
the  wavelength  and  the  distance. 


Effective  Height. 

In  practice  the  effective  height  is  less  than  the  actual 
height,  even  with  a  long-wave  aerial,  the  ratio  being  of  the 
order  of  70  per  cent,  while  if  the  aerial  does  not  have  a  large 
top  the  formulae  are  modified  by  the  fact  that  the  current 
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is  no  longer  uniform  but  is  sinusoidal  as  shown  in  Figs.  14 
and  15.  In  such  a  case  the  effective  height  may  be  taken 
as  the  actual  height  multiplied  by  the  average  value  of  the 
current,  which  for  a  sinusoidal  distribution  is  2/77. 

For  other  distribution  similar  allowance  must  be  made. 
For  example,  if  the  aerial  is  loaded  with  inductance  to 
several  times  its  natural  wavelength,  but  has  no  flat  top, 
the  current  would  fall  practically  uniformly  from  bottom 
to  top  and  the  effective  height  would  be  ^/2. 

Radiation  Resistance. 

From  the  expression  for  the  field  strength  it  is  possible, 
by  integrating  the  values  through  the  whole  of  the  hemi¬ 
sphere  surrounding  the  aerial,  to  arrive  at  an  expression 
for  the  total  power  radiated,  which  comes  to  160772^2/2^^2^ 
where  1  is  the  r.m.s.  value  of  the  aerial  current.  If  this 
power  is  assumed  to  be  dissipated  in  a  mythical  “radiation  ’’ 
resistance,  we  can  say  that  —  166772^2^^2  —  1584^2^^2 

For  a  quarter-wave  aerial  (Fig.  15)  Ryad  =  160772^2/^2 
4 

X  =  40  ohms  (since  k  =  4A). 

Measurement  of  Field  Strength. 

When  a  new  transmitter  is  to  be  installed,  tests  are 
often  made,  where  practicable,  to  try  and  estimate  the 
field  strength  likely  to  be  received.  Later,  the  radiation 
from  the  completed  station  is  checked  in  the  same  way 
and  a  chart  is  drawn  up  to  show  the  service  area. 

The  field  strength  is  measured  in  microvolts  per  metre, 
being  the  actual  strength  of  the  electric  field  at  the  receiving 
point.  If  we  had  an  aerial  of  one  metre  effective  height, 
and  this  was  influenced  by  a  wireless  wave  having  a  strength 
of  ten  microvolts  per  metre,  then  the  voltage  picked  up  by 
the  aerial  would  be  ten  microvolts. 

If  the  aerial  is  coupled  to  a  tuned  circuit,  the  voltage 
developed  across  the  circuit  will,  of  course,  be  several 
times  greater  than  this  owing  to  the  amplification  of  the 
circuit,  but  even  so  it  is  too  small  to  measure  as  such.  Field- 
strength  measurements,  therefore,  are  usually  made  by 
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providing  an  artificial  transmitter  which  is  capable  of  in¬ 
ducing  in  the  aerial  a  known  very  small  voltage.  ' 

The  test  aerial  is  then  connected  to  a  suitable  tuned 
radio-frequency  amplifier,  and  the  output  voltage  in  the 

detector  stage  is  noted.  By 
means  of  a  changeover  switch, 
the  voltage  is  now  induced 
from  the  artificial  transmitter, 
which  is  adjusted  to  give  the 
same  output  voltage  as  before. 
It  is  thus  possible  by  com¬ 
parison  to  determine  the  in¬ 
duced  voltage  in  the  aerial 
and  hence,  knowing  the  effec¬ 
tive  height  of  the  aerial,  to 
calculate  the  field  strengtli 
in  microvolts  per  metre. 

The  input  voltage  can  be 
estimated  in  various  ways. 
The  usual  method  is  to  feed  the  current  from  the  local 
oscillator  through  a  calibrated  attenuator.  From  a 
knowledge  of  the  initial  current  and  the  attenuation  the 
voltage  in  the  dummy  aerial  can  be  estimated  with  satis¬ 
factory  accuracy.  It  should  be  noted  that  the  amplification 
of  the  receiver,  which  is  of  necessity  liable  to  vary  from 
time  to  time  or  even  with  the  setting,  does  not  enter  into 
the  calculation,  but  it  is,  of  course,  essential  that  the  local 
oscillator  shall  be  very  carefully  screened. 

The  table  shown  on  page  39  indicates  the  order  of  field 
strength  experienced  in  modern  practice. 

It  is  worth  noting  that  a  good  foreign  station  such  as 
Leipzig  or  Moscow  provides  a  field  strength  in  England 
of  the  order  of  I  to  2  millivolts  per  metre. 

The  Earth  System. 

Efficient  radiation  with  an  earthed  aerial  depends  to 
a  large  extent  upon  having  a  good  earth  connexion,  so 
that  the  ground  may  act  as  an  efficient  mirror  as  already 
described.  For  this  j)urpose  the  transmitting  site  is  usually 
located  on  ground  which  has  a  good  conductivity,  and 


Fig.  22,  Set-up  for 
Measuring  Field  Strength 
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Field  Strength 
/iV  per  m.  j 

Remarks 

10  000  (10  mV.) 

Very  good  signal,  well  audible  above 
local  interference. 

1  000  ^(1  mV.) 

Good  signal  requiring  a  measure  of 
h.f.  amplification,  liable  to  inter¬ 
ference  but  capable  of  good  service. 

100 

Fair  signal  requiring  good  tuning  cir¬ 
cuits  and  high  amplification.  Will  be 
subject  to  serious  interference. 

10 

The  smallest  commercial  signal.  Will 
require  full  resources  of  selective 
amplification,  directional  aerial,  and 
such -like  to  give  service  through 
interference,  atmospherics,  and  local 
electrical  noise. 

1 

the  earth  connexion  is  made  by  burying  a  series  of  wires 
or  pipes  running  from  the  transmitting  building.  These 
may  be  concentrated  immediately  under  the  aerial  system 
or  may  run  in  all  directions,  the  deciding  factor  being 
largely  one  of  cost. 

Earth  losses  are  important  from  the  viewpoint  of  overall 
efficiency  and  attempts  have  been  made  to  reduce  them  to 
negligible  proportions  by  using  a  counterpoise  or  earth 
screen.  This  consists  of  a  network  of  wires  a  few  feet  above 
the  earth  running  under  the  aerial  and  for  a  considerable 
distance  each  side. 

Experience  shows  that,  just  as  a  network  of  wires  in 
the  aerial  system  has  an  efficiency  nearly  as  great  as  would 
be  obtained  by  a  solid  sheet,  so  an  earth  screen  of  this 
nature  constitutes  an  efficient  mirror  with  less  loss  than 
would  be  obtained  from  a  conventional  earth  connexion. 

In  a  well-designed  aerial  system,  however,  the  whole 
conductor  loss  (including  earth  loss)  is  only  some  30  to  40 
per  cent  of  the  total  aerial  resistance  (see  Volume  1,  Chapter 
XXXII),  and  a  point  is  thus  reached  where  it  is  not  econ¬ 
omical  fo  improve  the  efficiency  of  the  earth  system.  For 
this  reason  the  majority  of  transmitters  content  themselves 
with  a  good  buried  earth. 


CHAPTER  III 

FEEDERS 


In  a  simple  transmitting  system  it  is  possible  to  lead  the 
aerial  straight  into  the  transmitting  building,  and  to  situate 
the  aerial  tuning  inductance  close  to  the  transmitter. 
This,  however,  is  not  always  convenient.  One  may  have 
several  transmitters  to  be  housed  in  the  same  building, 
and  it  is  obviously  better  if  the  aerial  systc^ms  can  be  kept 
well  spaced  from  one  another  to  avoid  any  possibility  of 
interaction.  Consequently,  attempts  have  been  made  to 
carry  the  energy  from  the  transmitting  building  to  the 
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Fig.  23.  Illustrating  Feeder  as  a  Series  of 
Sections 


aerial  through  a  transmission  Ime,  m  much  the  same  way 
as  power  is  carried  at  low  frequencies  for  industrial  purposes. 

The  development  of  this  feeder  technique  received  a 
considerable  impetus  following  the  introduction  of  short 
waves,  for  some  type  of  feeder  is  essential  in  the  modern 
short-wave  transmitting  station.  We  will,  therefore,  discuss 
briefly  the  technique  of  the  transmission  of  energy  through 
feeder  wires. 

Suppose  we  consider  two  wires  of  indefinite  length 
connected  at  the  sending  end  to  a  source  of  a.c.  voltage. 
The  wires  will  each  have  a  small  self-inductance  which 
will  be  uniformly  distributed  along  their  lengths.  There  will 
also  be  a  capacitance  between  them,  likewise  uniformly  dis¬ 
tributed  along  the  wires.  Let  us  break  the  feeder  up  into 
small  sections  and  consider  the  inductance  and  capacitance 
concentrated  in  each  section,  so  that  the  system  looks  like 
Fig.  23. 
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The  voltage  at  the  sending  end  will  cause  a  current  to 
flow  into  the  first  condenser.  This  current  will  lag  slightly 
behind  the  voltage,  because  of  the  inductance  in  the  wires. 
The  condenser  will  build  up  a  charge,  again  with  a  slight 
time  lag,  so  that  voltage  will  appear  across  Cj,  similar 
to  the  input  voltage  but  slightly  delayed. 

This  voltage,  in  turn,  will  feed  current  into  the  next 
section,  and  will  commence  to  charge  up.  This  will  feed 
current  into  6^3,  and  so  the  voltage  will  be  transmitted 
along  the  feeder  until  we  reach  the  far  end.  Here  the  feeder 
is  terminated  in  an  impedance,  which  we  will  assume  to 
be  a  resistance  (since  we  nearly  always  terminate  a  feeder 
ill  a  tuned  circuit  which  will  have  no  reactance  at  resonance). 

Reflection. 

What  happens  here  depends  upon  the  value  of  the 
resistance.  Suppose  it  is  infinitely  high.  The  last  condenser 
is  unable  to  discharge  through  the  load  and  will,  therefore, 
force  current  book  along  the  feeder  y  and  energy  will  commence 
to  surge  back  to  the  transmitting  end.  The  wave  will,  in 
fact,  be  reflected. 

Similar  reflection  occurs  if  we  short-circuit  the  far  end, 
for  here  the  last  condenser  is  not  able  to  accept  any  charge, 
and  the  energy  from  the  preceding  section  of  the  feeder 
has  nowhere  to  go  except  back  along  the  line,  which  it 
proceeds  to  do. 

If  the  resistance  is  high  but  not  infinite,  it  will  accept 
some  current  from  the  last  condenser,  but  not  enough. 
The  discharge  of  a  condenser  through  a  resistance  takes 
time,  and  if  the  resistance  will  not  discharge  the  condenser 
fast  enough,  the  excess  charge  can  only  go  back  along 
the  feeder.  Thus,  we  have  a  partial  absorption  and  partial 
reflection.  If  the  resistance  is  too  low  the  condenser  dis¬ 
charges  too  fast,  and  again  we  have  partial  reflection. 

There  is  clearly  one  particular  value  of  resistance  which 
accepts  energy  just  as  fast  as  it  is  being  supplied  by  the 
feeder,  and  with  this  critical  value  no  reflection  occurs. 
Energy  is  passed  unhindered  right  along  the  feeder  and 
is  absorbed  at  the  far  end,  with  very  little  loss  in 
transit. 
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Chaxacteristic  Impedance. 

What  is  this  value  of  resistance  ?  It  can  be  deduced  by 
finding  the  rate  at  which  the  condensers  charge  and  equat¬ 
ing  this  to  the  rate  at  which  the  end  section  will  discharge 
through  the  load.  This  involves  Calculus,  and  the  treatment 
is  beyond  the  scope  of  the  present  work,  but  the  result  is 
surprisingly  simple. 

The  conditions  are  fulfilled  if  the  resistance  is  made  equal 
to  v'(L/(7),  where  L  and  C  are  the  inductance  and  the 
capacitance  of  the  line,*  or  of  a  given  length  of  line  which 
comes  to  the  same  thing,  since  the  total  inductance  and 
capacitance  each  depend  upon  the  length.  This  is  called  the 
characteristic  or  surge  impedance.  It  is  the  impedance  of 
the  line  itself  when  the  far  end  is  open,  and  if  we  terminate 
it  with  a  resistance  of  equal  value,  energy  will  be  accepted 
from  the  line  without  reflection,  irrespective  of  the  length 
of  the  line. 

The  inductance  of  a  pair  of  parallel  wires  (assuming  the 
far  end  closed  to  complete  the  circuit)  is 

0*21  X  10“^  logiQ  (djr)  /iH.  per  cm., 
where  d  is  the  spacing  of  the  wires 
and  r  the  radius. 


♦  In  a  transmission  line  we  have  to  consider  two  forms  of  loss-- 

1.  Loss  of  voltage  due  to  resistance  and  inductance. 

2.  Loss  of  current  due  to  leakage  and  capacitance. 

The  shunt  current  is  dependent  on  the  capacitance,  and  the  larger 
this  capacitance  the  greater  the  loss.  The  leakage  current  across  the 
insulation  may  be  expressed  in  terms  of  the  Icakancey  which  is  the 
reciprocal  of  the  insulation  resistance.  Hence,  the  larger  the  leak- 
ance  the  larger  the  current,  which  is  a  similar  variation  to  that  of 
the  capacitance. 

The  complete  expression,  therefore,  involves  both  R,  the  line 
resistance,  and  0,  the  leakance,  and  is  of  the  form 

Z  =  VCCi?  jo>L)l{Q joiC)] 

At  radio  frequencies  Loi  is  much  greater  than  R  and  Cm  is  much 
greater  than  Oy  so  that  the  expression  simplifies  to  \/{LIC). 

Those  readers  who  desire  a  more  mathematical  treatment  should 
refer  to  High  Frequency  Alternating  Currents y  by  Mcllwain  and 
Brainerd. 
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The  capacitance  between  them  is 
828 

Hence  the  characteristic  impedaijce  \/{LIC)  =  276  log^ 
(d/r)  ohms.  Over  a  wide  range  of  practical  values  for  d/r 
this  gives  an  impedance  of  the  order  of  500  to  700  ohms,  and 
an  average  value  of  600  ohms  will  be  found  to  give  results 
of  the  right  order. 

For  short-wave  work  tubular  feeders  are  often  used,  one 
wire  running  inside  the  other.  The  principle  is  the  same, 
but  the  characteristic  impedance  is  usually  about  70  ohms. 


Matching  the  Line. 


A  feeder,  therefore,  provides  a  very  flexible  arrangement, 
which  we  can  use  for  any  frequency.  All  that  is  necessary 
is  to  ensure  that  the  termination  is  correct,  and  we  do 
this  by  matching  the  line  to  the  output  by  high-frequency 
transformers,  or  by  tapping  the  feeder  across  the  tuned 


Fig.  24.  Matching  the  Input  and  Output  by 
Auto  -transformers 


circuit  in  the  usual  way.  The  impedance  of  a  parallel 
circuit  at  resonance  is  LjCR.  This  is  usually  very  high,  but 
by  tapping  down  the  coil  we  can  make  the  effective  primary 
impedance  what  we  wish. 

Fig.  24  shows  a  termination  using  a  feeder  of  this  type. 
Both  the  input  and  the  output  are  tapped  across  the 
respective  tuned  circuits,  so  that  the  maximum  efficiency 
is  obtained.  The  input  is  matched  to  the  feeder  because, 
as  is  so  often  the  case  in  communication  work,  the  maxi¬ 
mum  efficiency  is  obtained  when  the  internal  and  external 
impedances  are  equal.  Hence  we  obtain  maximum  energy 
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transfer  into  the  feeder  when  it  is  suitably  matched  at 
the  transmitting  end 

The  receiving  end  is  matched  to  avoid  reflection,  which 
is  another  way  of  saying  that  the  maximum  energy  transfer 
is  obtained  at  this  point  as  well. 

It  should  be  noted  that  the  feeder  only  carries  a  current 


•ill  'll 


Fia.  25.  Fj.eder  House  with  Aerial  Dowvlead  at 
THE  Athlon E  High -power  Broadcasting  Station 

Ili<  ti  uiMnitliii}?  Iniildinj?  is  on  tlit 
(/;?/  courtesi/  nj  Marconi's  H  T.  (  o  ) 


necessary  to  transmit  the  requisite  power,  whereas  the 
oscillating  current  m  the  circuits  at  either  end  is  much 
greater  than  this,  due  to  the  usual  resonant  ac‘tion.  The 
process  is  the  same  as  iii  the  valve  oscillator  or  amplifier, 
where  the  anode  feed  current  is  only  large  enough  to 
maintain  the  losses,  while  the  current  oscillating  in  the 
tuned  “flywheel”  circuit  is  much  greater. 

Fig.  25  shows  the  aerial  feeder  at  the  Athlone  station. 
The  building  in  the  foreground  houses  the  aerial  tuning 
inductance,  vhich  lias  to  be  large  enough  to  handle  several 
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hundred  amperes,  while  the  feeder  from  the  inain  building 
only  carries  ten  or  twenty  amperes  and  is  thus  quite  light 
in  construction. 

In  short-wave  transmitters,  it  is  often  necessary  to  supply 
a  number  of  aerials  from  the  same  feeder,  and  in  this  case 
special  junction  arrangements  have  to  be  made.  The  feeder 
is  split  into  two,  and  each  half  into  two  again,  and  so  on. 
At  each  point  a  matching  transformer  is  arranged  so  that 
the  impedance  of  the  line  viewed  from  either  direction 
always  appears  to  be  the  characteristic  impedance 

Attenuation  and  Phase  Shift. 

In  a  feeder  having  no  losses  the  voltage  at  a  distance  x 
from  the  transmitting  end  ean  be  shown  to  be 

Egf.  =  E  (cos  (oVLCx—j  sin  coVLCx) 

Since  cos  ^  -f  sin  .4  =  1 ,  this  means  that  the  numerical 
value  of  the  voltage  is  always  the  same,  and  equal  to  the 
voltage  E,  but  the  phase  will  be  continually  changing, 
making  a  complete  rotation  through  27t  every  lime  coV LCx 
becomes  a  multiple  of  2it.  In  other  words  there  will  be 
standing  waves  of  phase.,  of  wavelength  A  =  27tIo)VLC. 

This  changing  phase  may  or  may  not  be  of  importance. 
In  short-wave  feeders  where  various  aerials  have  to  be  sup¬ 
plied  with  current  in  the  correct  phase  the  length  of  the 
feeder  has  to  be  exactly  chosen.  Otherwise  it  is  immaterial. 

The  actual  phase  angle  at  a  distance  x  is 

tan“^  (sin  coV LC  xjeos  co  VLC  x). 

Tuned  Feeders. 

Let  us  see  what  happens  if  the  feeder  is  not  correctly 
terminated.  ('Jonsider  a  feeder  open  at  the  far  end  so  that 
reflection  occurs.  The  reflected  wave  will  travel  to  the 
transmitting  end,  and  again  a  reflection  may  occur  if 
conditions  are  not  exactly  suitable.  Consequently,  instead 
of  having  just  one  wave  travelling  along  the  wire,  we  have 
a  series  of  waves  travelling  backwards  and  forwards  by 
successive  reflections. 

The  currents  produced  by  these  various  waves  will  all 
add  up  v(»ctorially  according  to  their  relative  phase,  and 
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the  result  will  be  an  uneven  distribution,  the  current  (and 
voltage)  along  the  line  being  greater  in  some  parts  than 
in  others.  In  other  words  we  have  a  standing  wave.  The 
energy  fed  into  the  line  will  be  entirely  absorbed  in  building 
up  an  oscillatory  current  in  the  feeder,  which  will  rise 
and  fall  just  like  the  current  in  an  ordinary  tuned  circuit. 
The  system  is,  in  fact,  nothing  but  an  elongated  oscillating 
circuit,  rather  like  the  simple  aerial  discussed  in  the  last 


Fio.  26.  Standing  Waves  on  a  Tuned  Feeder 


chapter,  but  as  there  are  two  wires,  the  currents  in  which 
are  equal  and  opposite  at  any  given  section,  little  or  no 
radiation  takes  place. 

Thus,  we  have  alternate  maxima  and  minima  of  both 
current  and  voltage.  The  points  of  zero  voltage  are  called 
nodes  and  are  separated  by  half  a  wavelength.  This  wave¬ 
length  is  that  corresponding  to  the  frequency  of  the  current, 
i.e.  3  X  10®// metres,  and  the  current  nodes  occur  at  points 
of  maximum  voltage,  midway  between  the  voltage  nodes. 

Fig.  26  shows  the  distribution  of  voltage  and  current 
on  an  open  circuited  feeder  which  is  an  even  multiple  of 
half  a  wavelength  long.  Such  a  device  is  known  as  a  tuned 
feeder  or  Lecher  wire,  and  is  sometimes  used  for  measuring 
the  wavelength  of  a  transmitter.  By  finding  the  current 
“nodes”  and  measuring  the  distance  between  them,  an 
accurate  estimation  of  the  wavelength  can  be  arrived  at. 

The  nodes  are  usually  located  by  means  of  a  shorting  bar 
carrying  a  flashlamp  or  other  indicating  device  which  is 
moved  along  the  feeder,  maximum  brilliance  indicating  a 
current  node.  The  method  is,  of  course,  only  suitable  for 
short  waves. 

If  the  feeder  is  not  an  exact  multiple  of  A/2  the  condition 
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of  affairs  is  as  if  the  generator  in  Fig.  26  were  located  at 
some  intermediate  point  along  the  line.  The  voltage  at 
the  far  end  is  still  a  maximum  and  the  current  at  this 
point  is  clearly  zero,  as  before.  As  we  travel  back  towards 
the  input  end  the  voltage  and  current  vary  in  the  manner 
just  described,  giving  nodes  of  either  current  or  voltage 
every  quarter  wavelength  until  the  generator  is  reached. 


r 

I 


Fig.  27.  Tuned  Feeder  Supplying  a  Half-wave 
Aerial 


The  voltage  and  current  supplied  by  the  generator  are 
then  determined  by  its  position.  If  it  were  A/4  to  the  right 
in  Fig.  26,  it  would  be  supplying  no  voltage*  and  maximum 
current,  and  at  any  other  point  it  would  supply  something 
less  than  the  maximum.  A  feeder  can  thus  provide  a 
step-up  action  like  an  ordinary  tuned  circuit,  the  voltage 
at  the  far  end  being  greater  than  the  generator  voltage, 
and  this  effect  is  sometimes  utilized. 

Tuned  feeders  may  also  be  used  to  supply  an  aerial 
on  short-wave  systems,  by  merely  extending  the  end  of 
the  feeder  to  form  the  aerial  (see  Fig.  27).  The  current 
and  voltage  relations  in  the  system  can  now  continue 
without  any  hindrance,  and  all  that  we  have  done  is  to 
increase  the  length  of  the  aerial  very  considerably,  but 
since  the  two  wires  of  the  feeder  are  running  parallel  the 

*  Assuming  no  resistance.  Actually  some  voltage  would  be 
required  to  make  up  for  losses. 


48 


RADIO  COMMUNICATION 


feeder  does  not  radiate  as  explained  above,  all  the  actual 
radiation  coming  from  the  aerial  itself. 

This  form  of  tuned  feeder,  however,  is  only  used  where 
the  run  is  short — not  more  than  about  one  wavelength. 

As  distinct  from  the  untuned  transmission  line,  the 
resonant  feeder  has  to  carry  the  full  oscillating  current,  so 
that  the  losses  are  greater  and  this  restricts  its  usefulness 
to  short  runs. 

The  subject  is  further  discussed  in  Chapter  XII. 


Input  Impedance  of  Tuned  Feeder. 

The  input  imj)edaiice  of  a  tuned  feeder  clearly  varies 
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Fig.  28.  Matching  Feeders 


between  zero  at  a  voltage  node  and  infinity  at  a  current 
node.  The  actual  impedance  (neglecting  resistance^)  can  be 
shown  to  be 

Rq  cot  (dV LC ^  feeder  with  the  far  end  open, 
and  tan  (o\/ LC th®  tar  end  is  short  circuited, 
Rq  being  the  characteristic  impedance  =  V  LjC, 

Matching  Lines. 

A  feeder  may  thus  be  used  to  match  two  different  imped¬ 
ances,  the  arrangement  depending  upon  conditions.  One 
example  is  shown  at  (a)  in  Fig.  28,  where  an  untuned 
transmission  line  is  being  used  to  feed  a  half-wave  aerial. 
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The  normal  method  of  doing  this  is  shown  in  Fig.  105,  but 
in  the  present  method  the  aerial  is  voltage  fed  through  a 
short  length  of  tuned  feeder  made  equal  to  an  odd  multiple 
of  A/4  and  having  its  bottom  end  short  circuited. 

The  impedance  of  the  feeder  thus  rises  from  zero  at  A  to 
infinity  at  By  and  the  transmission  line  is  tapped  across  at 
the  point  C  at  which  the  impedance,  as  determined  by  the 
expression  above  (or,  more  likely  in  practice,  by  trial  and 
error)  is  equal  to  the  characteristic  impedance  of  the  trans¬ 
mission  line. 

Another  method  is  to  use  a  quarter-wave  feeder  in  series 
with  the  aerial  as  shown  at  (6),  Fig.  28.  Under  these  con¬ 
ditions,  it  can  be  shown  that  no  reflection  occurs  if  the 
characteristic  impedance  of  the  matching  line  = 
VR^Bo  ^ficre  and  7?2  impedances  of  the  aerial 

and  transmission  line  respectively. 

The  same  device  may  be  used  to  match  any  two  im¬ 
pedances  pro\ided  they  are  not  too  widely  difierent.  For 
proof,  see  page  158. 


Losses  in  Feeders. 

We  have  neglected  resistance  throughout.  In  practice, 
resistance  and  other  losses  are  inevitably  present  while 
radiation,  though  small,  accounts  for  some  loss.  At  radio- 
frequencies,  however,  the  expressions  deduced  are  not 
appreciably  affected  witli  normal  lines. 

The  presence  of  losses  will  cause  the  current  to  be  less 
than  the  theoretical  value,  but  even  this  is  only  serious  on 
long  tuned  feeders  for  the  reasons  already  stated.  In  a 
large  commercial  station  the  matter  receives  some  con¬ 
sideration  and  the  feeders  are  designed  to  give  the  best 
efficiency. 

With  an  open-A\ire  feeder  radiation  loss  decreases  as  the 
spacing  of  the  wares  is  reduced,  but  resistance  loss  increases 
due  to  proximity  effect,  and  a  s])acing  which  makes  B^ 
=  600  ohms  is  about  the  best.  -With  concentric  feeders 
radiation  loss  is  negligible  and  the  problem  is  one  of  con¬ 
ductor  loss  which  is  least  if  the  radii  of  the  external  tube 
and  central  conductor  have  a  ratio  of  3*6  :  1.  This  is  the 


60 


RADIO  COMMUNICATION 


order  of  spacing  used  in  the  “coaxial”  television  cable  and 
gives  a  value  of  Rq  equal  to  about  70  ohms. 

EXAMPLES  III 

(1)  Calculate  the  surge  impedance  of  a  feeder  100  yd. 
long  having  two  parallel  wires  ^  in.  diameter  6  in.  apart. 

(2)  If  the  feeder  of  question  (1)  is  to  be  connected  to 
a  tuned  circuit  of  inductance  20  capacitance  100  /i/iF., 
and  resistance  of  10  ohms,  state  the  approximate  tapping 
on  the  coil  for  correct  matching. 


CHAPTER  IV 
THE  RADIO  RECEIVER 

(a)  Radio-frequency  Amplification 

The  early  forms  of  receiver  consisted  of  a  simple  detector. 
Later,  amplification  was  added  after  the  detector,  but  as 
time  progressed  it  became  clear  that  for  proper  efficiency 
the  detector  should  be  operated  under  certain  specific  con¬ 
ditions.  Methods  were  developed  to  amplify  the  high 
frequency  signals  before  applying  them  to  the  detector, 
and  the  modern  tendency  is  to  arrange  the  greater  part 
of  the  amplification  prior  to  the  detector  stage. 

H.F.  Amplifiers. 

The  amplifier  prior  to  the  detector  is  thus  of  considerable 
importance  and  will  be  dealt  with  at  length.  We  are 
concerned  with  voltage  amplification  only,  in  a  radio 
receiver.  The  input  voltage  is  very  small — a  few  milli¬ 
volts  only — and  our  aim  is  to  magnify  these  voltages 
as  much  as  possible  consistent  with  the  limitations  of 
adequate  selectivity. 

The  fundamental  principle  of  voltage  amplification  is 
that  the  external  impedance  shall  be  large  compared  with 
that  of  the  valve,  as  explained  in  Volume  I,  Chapter  XVII. 
The  valve  develops  a  voltage  of  uCg  which  forces  current 
through  the  circuit  comprising  the  internal  resistance  r 
and  the  external  load  Z,  as  shoA\n  in  Fig.  29  (a).  The  volt¬ 
age  developed  externally  is  thus  =ZI(Z  -j- 

The  denominator  Z  +  r  is,  of  course,  the  vector  sum, 
but  in  r.f.  amplifiers  the  anode  load  is  usually  in  the  form 
of  a  parallel  tuned  circuit,  which  is  equivalent  to  a  resistance 
P  —  IjfCR,  so  that  the  gain  of  the  stage  (which  is  vjeg) 
becomes  simply  jitPI{F  r). 

If  P  is  large  compared  with  r,  as  in  the  ease  of  a  triode, 
the  gain  tends  to  a  limiting  value  but  when  a  pentode 
valve  is  employed  r  is  usually  large  compared  with  P. 
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In  such  circumstances  it  is  convenient  to  write  the  ex¬ 
pression  sli^lilly  difrerently,  by  multiplying  both  toj)  and 
bottom  by  r.  Then 

Zr  it 
Z  4-  r  ■  r  ' 

The  firsi  part  of  tliis  expression  is  the  impedance  of  Z 
and  r  in  ])arallel.  while  fi/r  -  g,  the  mutual  conductance 
of  the  valve.  Hence  the  output  voltage  is  that  w  hich  would 
result  from  a  curn^nt  flowing  through  Z  and  r  in  parallel. 


(CC/ 


(b) 


Fig.  :i9.  Equivalc^t  Valvk  Circuits 


The  (equivalent  circuit  may  thus  be  drawn  in  the  form 
shown  in  Fig.  29  {h)  which  is  sometimes  hel])ful.  Tt  show\s, 
for  one  thiiui,  that  the  valve  resistance  is  in  parallel  with 
the  load  and  thus  adds  to  the  losses,  while  if  r  is  much 
greater  than  Z,  th(‘  stage  gain  beyomes  sim])ly  gZ. 

H.F.  Transformers. 

The  use  of  a  simple  tuned  circuit  in  the  anode,  however, 
is  not  nocessa,rily  tlie  best.  With  a  triode  valve  the  total 
effective  amplification  may  often  be  increased  by  tapping 
the  anode  across  part  of  the  coil  (or  using  a  transfornu'r), 
while  the  damping  due  to  the  pres('n(‘e  of  tlie  valv(‘  across 
the  tuned  circuit  may  also  be  reduced  by  using  a  trans¬ 
former. 

Consider  the  circuit  of  Fig.  30.  The  effect  of  the  sec¬ 
ondary  on  the  primary  may  be  calculated  by  the  usual 
coupled  circuit  laws  (see  Chapter  IX).  Very  approximately 

—  M^cxi^jZ^y  Z^  being  the  secondary  impedance,  M  the 
mutual  inductance  between  the  windings  and  co  the  angular 
frequency  =  27r/,  and  since  the  secondary  is  tuned,  Zg  is 
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simply  B,  the  secondary  resistance.  Hence  =  M^co^jR. 
We  have  neglected  the  primary  resistance  and  reactance, 
which  is  permissible  in  the  present  case  because  the 
“reflected”  impedance  of  the  secondary  is  many  times 
greater. 

The  current  in  the  primary,  is  thus 
r  +  MW/B' 

r  being  the  internal  resistance  of  the  valve. 


M 

Fig.  30.  Simple  High-frequency  Transformlr  and 
Equivalent  Circuit 


The  voltage  induced  in  the  secondary  is  Mojii,  and  the 
voltage  across  the  secondary  coil  is  {LcolB)e2 
Im 

-  R  +  3IWIR 

MLcD^fi 

Rr  +  MW  ' 

The  first  part  of  this  expression  represents  the  total 
amphfication  of  the  stage,  and  by  dift’erentiating  this  it 
can  be  shown  that  the  maximum  gain  results  when 
M^o)^  =  Br.  This  can  be  written  r  =  3Pa>yB  =  Z^.  In 
other  words,  the  internal  and  external  impedances  are 
equal. 

Consider  triodc  valve,  having  relatively  low  internal 
resistance,  say  18  000  ohms.  Jf  the  impedaiu*e  of  the  tuned 
circuit  is,  say,  100  000  ohms,  we  shall  extract  practically 
th(‘  full  gain  out  of  the  valve. 

Let  us  now  tap  the  anode  half  way  down  the  coil  (or  use 
a  2  :  1  transformt'r).  The  equivalent  impedance  will  be  one 
quarter  of  the  original  amount  (see  next  page),  i.e.  25  0(K) 
ohms.  This  w  ill  only  extract  about  60  per  cent  of  the  avail¬ 
able  amplification  from  the  valve,  but  we  now  have  a  2 :  1 
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step-up  giving  an  overall  gain  20  per  cent  better  than  with 
the  original  arrangement. 

A  further  reduction  in  primary  turns  would  cause  the 
amplification  from  the  valve  to  fiill  off  rapidly,  and  the 
step-up  of  the  transformer  will  not  be  able  to  counteract 
this,  so  that  the  overall  gain  will  be  reduced.  Hence  there 
is  an  optimum  value  for  the  primary,  given,  as  we  have  just 
seen,  by  the  criterion  Mho^  =  Br. 

Step-up  Ratio. 

The  mutual  inductance  between  two  windings  perfectly 
coupled  without  leakage  is  \/(LLi),  where  L  and  are 
the  inductances.  In  practice,  M  is  less  than  this  because 
the  primary  flux  does  not  all  link  with  the  secondary,  to 
allow  for  which  we  introduce  a  conpVuig  factor,  /:,  so  that 
M  =  k\/(LLi). 

Clearly,  if  the  coils  are  appreciably  separated,  k  will  be 
small  while,  if  they  are  closely  coupled,  k  will  approach 
unity.  In  practice,  with  a  primary  wound  over  the  low 
potential  end  of  the  secondary  k  is  about  0*8. 

The  criterion  for  maximum  gain  can  thus  be  rewritten 
Hr  =  ^  k^LL^co'^ 

==  k^Lje  since  co^  —  YfLC 
Hence  —  GRr/k'^ 

Now  the  step-up  ratio  t  is  approximately  and 

the  optimum  value  of  this  is  obtained  by  substituting  the 
value  of  Lj  just  obtained.  Hence 

Optimum  step-up  =  k'\/{LICEr)  =  k\/{Zlr) 
where  Z  is  the  “dynamic”  impedance,  LjCR,  of  the 
secondary  circuit. 

Effective  Primaxy  Impedance. 

We  have  seen  that  the  equivalent  primary  impedance 
is  approximately  M^co^jR.  We  can  write  this  also  in  terms 
of  the  step-up  ratio,  for 
M^co^lR  =  k^LL^oj^jR 

=  k^LLJLCR,  But  LJL  = 

.  ijCRt^  ==  p  .  Z/tK 
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Thus  the  effective  primary  impedance  is  inversely  pro¬ 
portional  to  the  square  of  the  step-up  ratio,  as  was  men¬ 
tioned  previously. 

Screen-grid  Valves. 

With  a  triode  the  optimum  value  of  t  is  usually  between  2 
and  3.  Modern  equipment,  however,  almost  invariably  uses 
screened  valves  in  which  r  is  anything  from  0*25  megohm 
upwards.  With  such  conditions  t  becomes  fractional. 

For  example,  if  r  =  500  000  ohms  and  the  circuit  has 
a  dynamic  impedance  of  100  000  ohms  (which  is  about  the 
average  for  commercial  receivers)  the  optimum  step-up^ 
with  Ic  =  0-8,  becomes  0*36,  representing  a  ste'P’doum  of 
2-8  to  1. 

Such  a  transformer,  however,  is  rarely  used  from  con¬ 
siderations  of  selectivity,  because  of  the  effect  of  the  valve 
on  the  tuning  of  the  circuit,  and  in  fact  the  circuits  are  often 
used  with  a  step-up  ratio,  which  is  still  further  from  the 
optimum  as  regards  gain,  but  gives  improved  selectivity. 

Under  these  conditions,  with  an  external  impedance 
much  less  than  that  of  the  valve,  the  expression  for  the 
valve  amplification  reduces  to  (Z/r)/i.  Since  /w/r  =  g,  the 
mutual  conductance,  this  equals  simply  gZ.  The  total 
gain  is,  of  course,  t  times  as  great,  where  t  is  the  step-up 
ratio,  if  any. 

Let  us  examine  the  behaviour  of  an-  h.f.  transformer 
under  these  conditions.  The  gain  from  the  valve  will  be 
gZ^  ==  gk^Zft^  and  the  overall  stage  gain  will  be  gk^Zft. 

The  additional  loss  due  to  the  valve  (the  valve  damping) 
can  be  calculated  from  the  same  coupled  circuit  laws,  used 
this  time  in  the  reverse  direction.  Thus  the  additional 
secondary  resistance  due  to  the  presence  of  the  valve  load 
r  across  the  primary  is 

M^co^lr  =  k^LLJLCr  =  k^LjCrt^  ==  k^LRjCRrt^ 

==  (kyr^)  (ZIr)  R. 

If  k  =  t  ^  I  and  Z  =  r,  this  reduces  to  R.  In  other 
words  with  a  tuned  anode  circuit  having  a  dynamic  im¬ 
pedance  equal  to  the  valve  resistance  the  effective  resistance 

3- 
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of  the  tuned  circuit  is  doubled  by  the  valve  damping, 
which  we  know  to  be  correct. 

The  formula  also  shows  that  the  valve  damping  is  directly 
proportional  to  Zjr  so  that  the  better  the  circuit  the  more 
severe  will  be  the  effect  of  the  valve  on  the  tuning,  while 
it  is  inversely  proportional  to  giving  a  rapid  improvement 
in  conditions  as  the  step-up  ratio  increases,  while  the  gain 
only  falls  off  directly  with  t. 

H.F.  Pentodes. 

A  screen-grid  valve  can  be  made  to  possess  cither  a 
moderate  a.c.  resistance  or  a  very  high  one — over  a  megohm 
being  common  practice — with  practically  the  same  mutual 
conductance. 

Any  increase  in  r  reduces  the  damping  imposed  on  the 
tuned  circuit  in  direct  proportion,  while  the  gain  remains 
at  gk^Z/t  since  g  is  unaltered.  In  fact,  it  no  longer  becomes 
necessary  to  tap  down  the  coil  and  a  plain  tuned  anode 
circuit  may  be  used  giving  the  full  gain  gZ  with  adequate 
selectivity. 

The  type  of  valve  used  in  the  modern  receiver,  therefore, 
is  of  this  high  impedance  type,  and  it  has  become  so 
efficient  that  large  anode  swings  are  practicable.  In  such 
circumstances  the  secondary  emission  kink  in  the  con¬ 
ventional  tetrode  characteristic  seriously  restricts  the 
available  swing  and  pentodes  are  customarily  employed. 
These  valves  contain  a  suppressor  grid  (at  cathode  potential) 
between  screen  and  anode  to  suppress  the  secondary  emis¬ 
sion  as  explained  in  Vol,  I,  Chapter  XTI. 

Use  is  also  made  of  “critical  distance”  tetrodes,  though 
these  are  more  employed  in  audio -frequency  stages  as 
explained  on  page  123. 

Selectivity. 

The  selectivity  of  a  circuit  is  the  measure  of  the  fre¬ 
quency  discrimination  exercised  by  the  tuning.  It  may 
be  expressed  in  various  ways,  one  being  the  ratio  of  the 
voltage  developed  across  the  circuit  to  that  at  resonance. 
This  is 
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^  voltage  at  frequency  / 

=  voltage  at  resonance  ’  ^  ^ 

=  ]/[^l  4- A+jC»A(f-~~) 

where  A  =  {f-f,)lfr 
Q  ---  27TfrI.IR 

If  A  is  small,  this  can  be  simplified  to 

S  -  1/(1  +  2jQ^)  =  l/Vl  +  44>2A2 

In  this  expression,  the  value  of  R  used  in  (*alculating  Q 
must  be  the  total  circuit  resistance  inclusive  of  the  damping 
produced  by  any  shunt  impedance.  If  the  circuit  is  shunted 
by  a  resistance  P,  the  effective  series  resistance  becomes  R  ~ 
Rq  +  LjCPy  Rq  being  the  original  resistance.  (See  page  101.) 

In  practice  there  are  always  two  shunt  loads  on  an 
inter  valve  transformer.  One  is  the  injmt  resistance  of  the 
following  valve  which  includes  any  grid  leak  present.  At 
long  and  medium  wavelengths  the  grid  resistance  is  due 
mainly  to  Miller  effect,  as  discussed  on  page  97. 

The  second,  and  usually  more  imj)ortant  effect  is  that  of 
the  preceding  valve,  and,  as  we  have  seen,  the  conditions 
for  maximum  gain  occur  wdien  the  effective  primary  impe¬ 
dance  is  equal  to  the  valve  resistance,  in  w  hich  circumstance 
the  effective  Q  of  the  circuit  is  halved. 

As  just  ex])laiiied,  however,  the  modern  r.f.  pentode  has 
an  imj)edanc(‘  many  times  higher  than  that  of  the  external 
circuit  so  that  valve  dam})ing  is  of  minor  importance.  The 
circuit  loss  is,  in  fact,  the  major  hictor  and  this  cannot  be 
r(‘duced  too  much  or  the  stag('  gain  bc'comes  inconvcmiently 
high,  causing  instability.  Increased  selectivity  is  obtained 
by  the  use  of  cou])led  circuits  as  ex})lained  later. 

Variation  of  Gain  with  Frequency. 

The  amplification  will  be  s(*<ui  to  depend  on  the  fre¬ 
quency,  and  will  therefore  vary  as  the  circuit  is  tuned 
ov(T  the  frequency  range.  This  is  an  inherent  defect  in 
'‘straight”  receivers.  The  effect  may  be  offset  by  using 
s])ecial  primary  circuits  which  transfer  more  energy  to  the 
secondary  at  the  lower  frequencies.  ^ 
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Such  a  circuit  is  shown  in  Fig.  31 .  The  energy  from  the 
anode  circuit  is  introduced  into  the  secondary  partly 
through  the  mutual  inductance  M,  and  partly  directly  by 
virtue  of  the  voltage  developed  across  by  the  primary 
current  flowing  through  it.  If  the  frequency  falls  tlie  induc¬ 
tive  voltage  falls  but  the  capacitative  voltage  increases 
and  by  correct  pr()])ortioning  a  nearly  constant  voltage 
transfer  can  be  obtained. 


HT 


Fig.  31.  “ Constant- coupled’*  Cikcuit 


The  voltage  across  the  whole  secondary  circuit  is  greater 
than  the  induced  voltage  because  of  the  magnification  of 
the  circuit  (LcofR),  but  this  also  falls  off  as  the  wavelength 
increases.  The  coupling  can  be  arranged  to  compensate 
for  this  as  A\ell,  giving  constant  voltage  across  (\ 

The  capacitative  energy  transfer  may  b(^  achieved  in 
other  ways,  t\g.  by  a  small  to])  capacity  cou])ling,  while 
similar  measun's  may  1)(‘  adopted  in  th(‘  aerial  coupling 
circuits  as  explained  on  i>age  140. 

Stability. 

It  is  ira})ortant  in  any  amplifying  stage  to  avoid  any 
unauthorized  feed-back  of  energy  from  th('  anode  to  the 
grid  circuit.  If  this  feed-back  is  siifiicient  in  magnitude  and 
in  the  right  direction,  continuous  oscillation  wiU  result,  as 
in  the  case  of  a  simple  valve  oscillator.  If  the  fi^ed-back 
is  in  the  reverse  direction  the  gain  of  the  stage  will  be 
ap])reciably  rcduc(*d. 


THE  RADIO  RECEIVER 


59 


There  are  two  principal  methods  by  which  feed-back 
takes  place.  One  is  due  to  direct  magnetic  or  electrostatic 
coupling  between  portions  of  the  circuit  or  the  wiring. 
Currents  are  induced  from  one  circuit  to  the  other,  and, 
owing  to  the  very  high  amplification  which  can  be  obtained 
(a  gain  of  100-150  is  quite  normal  in  a  modern  receiver), 
this  feed-back  has  only  to  be  very  slight  in  order  to  produce 
a  marked  effect. 

The  second  cause  of  instability  is  the  internal  capacitance 
between  anode  and  grid  of  the  valve  itself.  The  magnitude 


Fig.  32.  Two  Forms  of  Neutraxized  Circuit 

and  direction  of  this  internal  feed-back  dep(‘nds  upon  the 
nature  of  the  anode  im]K‘dance,  as  ex})lamed  on  page  97. 
When  the  anode  circuit  is  nearly  in  tune  the  feed-back  is 
positive  and  may  easily  b(‘  sufficient  to  })roduce  continuous 
oscillation.  In  a  triodc'  valve  this  is  a  very  serious  difficulty, 
and  it  is  over(*ome  by  the  use  of  iKMitralizing  circuits  in 
which  energy  is  fed  from  the  output  to  the  input,  tlirough 
a  special  circuit,  in  op])osition  to  that  which  passes  through 
the  valve.  If  these  circuits  are  symmetrically  designed,  th(‘ 
adjustment  remains  adequate  over  a  wide  range  of  frequency, 
such  as  would  be  covered  by  the  normal  tuning  operation. 

Fig.  32  shows  two  satisfactory  forms  of  circuit.  The  first 
circuit,  due  to  Kice,  is  very  symmt'trical,  but  suffers  from 
the  disadvantage  that  only  half  the  full  voltage  is  supplied 
to  the  grid  of  the  valve.  In  the  second,  due  to  Hazeltine, 
a  separate  neutralizing  winding  is  used,  exactly  similar  to 
the  primary  winding,  but  connected  in  opposite  phase.  It  is 
essential  that  the  primary  and  neutralizing  winding  shall  be 
very  tightly  coupled,  and  the  usual  practice  is  to  wind  one 
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over  the  other.  Modifications  of  tliese  circuits  are  used,  but 
they  all  employ  one  or  othtT  of  these  two  basic  forms. 


Shielding. 

The  alternative  to  this  is  to  reduce  the  capacitance  in  the 
valve  itself  to  such  small  limits  that  it  is  not  troublesome 
under  normal  conditions.  The  enstomary  r.f.  pentode 
contains  an  internal  screen  for  this  purpose,  as  explained 
in  Vol.  1.  and  is  almost  invariably  employed  for  this 
reason.  But,  having  removed  this  source  of  feed-back,  it 
becomes  all  the  more  im])ortant  to  eliminate  any  other 
coupling  between  the  (‘ireuits.  Gonsidera.ble  feed-back  can 
arise  from  interaction  between  tlu'  tuning  coils,  to  avoid 
which  it  is  customary  to  enclose  them  in  metal  shicdds  or 
cans.  These  shielding  boxes  are  ma(l(‘  of  co])})er  or  alu¬ 
minium,  and  o])erate  as  follows — 

The  magnetic  fields  generated  by  the  coils  induce  edd}’^- 
currents  in  the  material  of  the  shielding.  These  eddy- 
currents  in  turn  produce  magnetic  fields  of  their  own  which, 
by  Lenz’s  law,  are  in  opposition  to  the  original  field. 
Consequently,  the  field  outside  the  can  is  negligibly  small. 
The  process  obviously  involves  a  loss  of  energy,  since  the 
eddy- currents  circulating  in  the  material  of  the  can  must 
absorb  power.  Also,  the  magnetic  field  set  up  by  the  shield 
reduces  the  effective  magnetic  field  within  the  coil,  so  that 
a  coil  has  a  lower  inductance  inside  the  can  than  out 
of  it.  By  suitable  design  the  loss  of  elliciency  can  be  made 
relatively  small. 

It  is  important  that  each  circuit  shall  have  its  own  screen. 
One  common  screen  for  all  the  circuits,  even  if  it  is  par¬ 
titioned  off,  is  unsuitable,  as  circulating  currents  in  the 
screen  may  induce  voltages  from  one  circuit  to  another 
and  so  defeat  the  whole  object  of  the  screening. 

Electrostatic  coupling,  due  to  the  difference  of  potential 
between  the  various  parts  of  the  circuit,  is  minimized  by 
interposing  a  simple  metal  shield  between  the  requisite 
portions.  The  material  in  these  shields  is  of  good  conduc¬ 
tivity  (usually  copper  or  aluminium,  not  iron)  in  order  to 
minimize  the  loss  ])roduced  by  the  eddy-currents. 
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The  general  methods  adopted  in  modern  practice  are 
illustrated  in  Fig.  33.  Note  particularly  the  condenser,  in 
which  three  separate  sections  are  mounted  on  a  common 
spindle.  The  individual  sections  are  made  as  nearly  identi¬ 
cal  as  possible  and,  in  some  eases,  the  end  plates  are  slotted 
radially  at  intervals,  allowing  them  to  be  bent  slightly 


Fio.  3.*}.  Tyj’ical  M0D1.RN  Chassis  of  a  “Straiuht” 
Keceiver  with  Two  High-frequency  Stages 

Note  the  bcicened  coils  and  the  ‘'gang”  condenser,  comprising 
three  condensers  on  a  common  spindle 

in  order  that  the  capacitances  at  fixed  points  in  the  scale  may 
be  made  absolutely  identical.  The  tuning  coils  are  similarly 
matched  as  regards  inductance  and  final  adjustment  is 
made  on  “trimmers,”  which  are  small  condensers  mounted 
in  parallel  with  each  condenser  section  to  allow  for  small 
differences  in  the  stray  circuit  capacitances. 

For  the  ii'eason  already  given,  any  electrostatic  screening, 
including  the  chassis,  miist  not  he  allowed  to  carry  any  h.f, 
currents.  Otherwise  coupling  will  be  introduced  between 
the  circuits.  The  chassis  should  not  be  used  as  an  earth  line. 
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A  separate  heaVy  gauge  bus-bar  should  be  run  between 
the  appropriate  points,  this  bus-bar  being  connected  at 
one  point  only  to  the  chassis,  preferably  at  the  actual 
earth  terminal. 

Orid  Input  Impedance. 

Mention  has  already  been  made  of  the  fact  that  the  grid 
circuit  of  the  valve  following  a  tuned  circuit  does  not 
present  an  infinite  impedance.  Apart  from  any  grid  leaks 
and  stray  capacitances,  the  valve  itself  introduces  loss 
from  two  causes.  These  are — 

(а)  the  Miller  effect,  due  to  internal  feed-back ; 

(б)  the  Ferris  effect,  due  to  the  transit  time  of  the 

electrons. 

The  former  effect  is  a  result  of  the  feed-back  just  dis¬ 
cussed  through  the  internal  capacitance  between  anode 
and  grid.  The  subject  is  discussed  in  detail  on  page  97, 
where  it  is  shown  that  the  grid- cathode  capacitance  is 
increased  by  Cg^  (1  +  A  cos  6)  and  an  additional  resistance 
is  introduced  across  grid  and  cathode  =  IjcoCgg^A  sin  0. 

Cgg  is  the  grid -anode  capacitance,  A  is  the  amplification 
of  the  valve  and  6  the  phase  angle. 

At  resonance,  0  =  0  and  cos  0=1.  Under  any  other 
condition  cos  0  is  less  than  1.  Hence  as  the  anode  circuit 
is  tuned  the  input  capacitance  rises  to  a  maximum  and 
falls  away  again.  This  effect  distorts  the  tuning  of  the 
input  circuit  and  is  known  as  “pulfing.”  It  is  only  serious 
with  triode  amplifiers. 

The  shunt  resistance  varies  more.  If  the  anode  tuning 
capacitance  is  too  large,  sin  0  is  negative  and  the  grid 
resistance  is  positive,  i.e.  the  input  circuit  is  subjected  to 
additional  damping.  At  resonance,  sin  0  =  0  and  the 
input  resistance  is  infinite,  so  that  there  is  no  effect  on  the 
circuit  other  than  the  additional  capacitance  referred  to 
above.  If  the  anode  circuit  is  inductive  the  input  resist¬ 
ance  becomes  negative,  causing  a  reduction  in  damping 
which,  if  sufficient,  will  cause  continuous  self-oscillation. 

This  is  the  reason  for  adopting  neutralizing,  or  using 
screen -grid  valves.  The  effect  is  only  serious  with  triodea 
as  the  reader  may  verify  for  himself,  but  it  still  is  present 
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even  with  h.f.  pentodes  because  although  is  of  the  order 

of  0*001 ///iF.  the  stage  gain  is  so  much  higher. 

The  two  effects  combine  to  produce  a  distortion  of  the 
tuning  curve.  At  frequencies  above  resonance  the  addi¬ 
tional  damping  reduces  the  response,  while  below  resonance 
the  response  is  maintained  beyond  the  true  resonance  point 
by  the  negative  input  resistance.  The  result  is  a  flat- topped 
resonance  curve  slightly  displaced  from  the  true  resonance 
position.  With  screen-grid  valves  the  displacement  is  small. 

The  second  effect,  due  to  transit  time,  was  described  in 
detail  by  W.  R.  Ferris,  Proc.  I.Ji.E,,  Jan.,  1936.  When  the 
time  of  oscillation  becomes  (*omparable  with  that  taken 
by  the  electrons  to  move  between  the  electrodes  of  the  valve, 
a  serious  loss  occurs.  The  effect  is  only  evident  at  fre¬ 
quencies  above  about  10  megacycles  sec.  (A  ~  30  metres) 
but  is  very  troublesome  at  ultra-short  waves.  Special 
“acorn”  valves  having  very  small  clearances  have  been 
introduced  for  such  frequencies.  The  subject  is  discussed 
in  detail  in  Short  Ware  Radio  (Pitman)  by  the  author. 

Multi-stage  Amplifiers. 

For  simple  receivers  a  single  h.f.  stage  is  suliicient  with 
modern  valves,  but  more  powerful  receivers  use  two  or 
three  stages.  When  this  is  done,  further  precautions  have 
to  be  taken  to  maintain  stability.  The  high  order  of  amplifi¬ 
cation  obtainable  renders  it  imperative  to  avoid  any  coup¬ 
ling  between  output  and  input. 

Attention  to  layout  will  usually  result  in  a  successful 
amplifier,  but  it  is  sometimes  necessary  to  shield  “hot” 
leads  by  enclosing  them  in  a  metal  tube  or  similar  covering 
which  is  connected  to  earth. 

A  second  form  of  trouble  with  multi-stage  amplifiers 
arises  from  common  impedances.  In  Fig.  34,  for  example, 
the  anode  current  of  both  valves  has  to  run  through  common 
impedance  Z  (which  may  be  accidental  in  the  circuit). 
The  voltage  developed  across  this  impedance  by  the  anode 
current  of  the  second  valve  is  thus  automatically  introduced 
into  the  anode  circuit  of  the  first  valve,  where  it  will  produce 
feed-back,  causing  either  an  increase  or  decrease  in  amplifi¬ 
cation  according  to  the  phase.  This  difficulty  is  overcome 
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by  decoupling  the  various  leads.  A  filter  comprising  an 
h.f.  choke  or  resistance  with  a  condenser  bypass  is  inserted 
in  each  lead,  as  shown  in  Fig.  35.  The  h.f.  currents  are 


Fio.  34.  The  Common  Impedance  7j  in  the  High-tension 
Lead  will  Catse  CoupLiN(i  between  the  Valves 


thus  bypassed  to  earth  without  going  tlirough  the  battery 
or  power-supply  unit. 

Residual  Signal. 

The  layout  of  an  amplifier  is  also  of  vital  importance 

from  the  point  of  view  of 
selectivity.  From  the  know- 
H F.C.  ledge  of  the  constants  of  the 
circuits  it  is  possible  to 
calculate  the  resonance 
curves  (allowing  for  valve 
damping  and  similar  factors) 
and  arrive  at  an  estimate  of 
what  is  called  the  adjacent 
channel  selectivity,  which 
means  the  reduction  in 
Fig.  3.").  High-frequency  strength  likely  to  be  ob- 
Decoupling  Circuit  tained  on  a  signal  relatively 
close  in  frequency  to  (only 
a  few  kc/s.  away  from)  the  wanted  station. 

A  still  more  important  requirement,  however,  is  that  the 
selecting  action  shall  continue  to  be  progressive  and  even 
with  good  circuits  this  may  not  necessarily  be  the  case. 
Once  the  relatively  large  resonant  gain  has  been  lost, 
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i.e.  at  frequencies  20  kc/s.  or  more  off  resonance,  the  circuit 
gives  a  small  but  nearly  equal  response  to  any  frequency 
within  quite  a  wide  range 

With  a  powerful  local  station  close  at  hand,  the  residual 
voltage  even  well  away  from  the  tuning  point  may  be 
quite  large  and  it  is  necessary  therefore  to  ensure  that  each 
circuit  continues  to  exercise  its  full  selecting  action. 

This  is  partly  a  matter  of  circuit  design,  for  the  use  of 
a  high  LfC  ratio  ensures  a  fairly  steep  “skirt”  to  the  reson¬ 
ance  curve,  but  is  equally  a  matter  of  layout.  Suppose 
we  have  two  circuits,  separated  by  one  or  more  amplifying 
valves,  each  containing  a  short  length  of  common  lead, 
perhaps  in  the  earthy  or  low  potential  side  where  it  might 
be  assumed  unimportant,  then  two  effects  will  occur. 

The  currents  in  the  last  stage  will  set  up  voltages  due 
to  the  impedance  of  tliis  common  lead,  which  will  be  rein¬ 
troduced  via  th(‘  first  circuit  into  an  earlier  portion  of  the 
am])lifier.  This  will  jiroduce  reaction  which  may  cither  in¬ 
crease  the  gain  (and  in  the  limit  produce  instability)  or 
reduce  the  gain  and  cause  the  set  to  be  less  sensitive  than  it 
should  b(‘. 

The  second  and  even  more  pernicious  effect  is  that 
residual  signals  from  a  powerful  station,  partly  filtered  by 
the  first  stage,  have  a  direct  entry  into  the  later  stage 
wdthout  having  to  go  through  the  filtering  action  of  the 
intervening  stages,  so  that  the  remote  channel  selectivity 
suffers  seriously. 

8uch  matters  require  careful  attention  if  an  amplifier 
is  to  behave  properly.  A  good  test  is  to  see  whether  the 
amplifier  “cascades”  as  it  should.  If  the  gain  of  two 
adjacent  stages  is  n  and  7i^  the  gain  of  the  two  together 
should  be  nn^.  If  it  is  not,  then  some  common  coupling 
is  present  and  it  should  be  located  and  removed. 

Noise  Level. 

In  broadcast  technique  the  number  of  stages  is  fimited, 
mainly  from  considerations  of  cost.  Where  this  does  not 
apply,  it  is  possible  to  increase  the  number  of  stages  and 
to  obtain  thereby  an  improved  performance  principally 
in  the  direction  of  increased  selectivity.  It  is  necessary  to 
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limit  the  amplification  per  stage  because  there  is  a  maximum 
overall  amplification  beyond  which  useful  results  cannot 
be  obtained. 

This  limit  is  set  by  the  noise  level  in  the  ampHfier  which 
manifests  itself  as  an  indeterminate  background  which  is 
amphfied  at  the  same  time  as  the  signal,  and  it  is  clearly 
necessary  that  the  signal-to-noise  ratio  shall  be  such  as  to 
enable  the  signal  to  be  clearly  distinguished.  The  cause  of 
background  noise  is  threefold. 

(1)  Atmospheric  Disturbances  or  Interference,  Atmos¬ 
pherics  are  random  waves  which  emanate  from  natural 
sources.  They  are  in  the  form  of  damped  waves  of  so  short 
a  duration  as  to  be  practically  instantaneous,  and  they 
appear  indiscriminately  over  the  whole  frequency  spectrum. 
Their  effect  is  discussed  in  Volume  I,  Chapter  XXVIII, 
and  the  only  satisfactory  method  of  (‘ombating  them  is  to 
use  a  combination  of  sharp  selectivity  and  directional 
methods.*  The  latter  is  the  more  effective,  and  if  the  trans¬ 
mission  can  be  made  strongly  dire(*tional  so  that  a  large 
signal  is  obtaim'd  at  the  receiver  in  the  first  place,  and  the 
receiver  is  also  made  directional  so  that  it  only  receives 
within  a  narrow  angle  containing  the  wanted  signal,  then 
the  atmospheric  disturbaiic(‘  can  be  n'duced  many  times. 

Interference  from  electrical  plant  is  a  local  disturbance 
and  is  more  troublesome  in  broadcasting  than  in  com¬ 
mercial  practice.  The  commercial  receiving  station  is 
located  away  from  such  sources  and  adequate  suppression 
is  fitted  to  any  machinery  which  has  to  be  in  the  vi(*inity. 

With  broadcast  technique  this  is  not  always  possible, 
and  additional  devices  have  to  be  used  at  the  receiver  to 
minimize  the  disturbance.  The  subject  is  discussed  further 
in  Chapter  VIII. 

(2)  Shot  Noise,  This  is  a  noise  arising  from  uneven 
emission  of  the  electrons  in  a  valve.  If  adequate  emission 
is  provided  from  the  cathode,  however,  this  is  continually 
surrounded  by  a  space  charge  which  acts  as  a  reservoir 
so  that  the  effect  is  reduced  considerably,  and  in  fact  at 
medium  and  long  waves  it  is  negligible  in  comparison  with 
the  thermal  agitation  discussed  in  the  next  section.  At 

*  Or  to  eiri})Ioy  froquoncy  mod  illation. 
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short  waves  and  with  frequency  changers  which  have  low 
conversion  conductances,  however,  shot  noise  is  pre¬ 
dominant.  A  convenient  treatment  is  that  due  to  Dr. 
James  of  the  G.E.C.  Research  Laboratories. 

The  equivalent  grid  noise  due  to  shot  efiFect  can  be 
shown  to  be  given  by 

==  2keFAfiJg^ 

where  e  is  the  charge  on  an  electron. 
ia  is  the  anode  current. 
g  is  the  mutual  conductance. 

A/ is  the  frequency  band  of  the  receiver. 

A:  is  a  constant,  and 

F  is  a  factor  dependent  on  the  operating 
conditions. 

With  a  tempera!  lire -limited  cathode  F  —  1,  while  vith 
a  valve  such  as  a  triode  the  space  charge,  acting  as  a  reser¬ 
voir  as  already  described,  considerably  reduces  the  noise, 
and  F  has  a  value  of  about  0-05. 

With  a  screen-grid  valve  tlie  presence  of  the  screen  over¬ 
comes  the  space  charge  to  a  large  extent,  while  the  random 
distribution  of  electrons  between  anode  and  screen  further 
increases  the  noise.  In  other  vords,  although  the  steady 
anode  and  screen  currents  bear  a  fixed  relation  for  any 
given  operating  (‘onditions,  the  instantaneous  values  are 
fluctuating  slightly,  and  as  a  result  of  these  various  factors 
k  increases  to  a  figure  of  the  order  of  0-25  to  0-3. 

A  screened  valve,  therefore,  produces  five  or  six  times 
the  noise  of  a  triode,  while  with  a  frequency  changer  the 
conditions  are  still  w^orse,  as  explained  on  page  83. 

The  criterion  of  goodness,  from  a  noise  point  of  view,  is 
determined,  for  a  given  class  of  valve,  by  the  ratio  g^ia- 
The  higher  this  can  be  made  the  less  will  be  noise. 

(3)  Thermal  Agitation,  sometimes  called  Johnson  noise. 
This  arise®  from  the  movement  of  the  electrons  in  the 
material  of  the  conductors.  Both  this  and  the  shot  noise 
are  only  important  in  the  first  stage  of  the  amplifier  where 
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they  are  followed  by  the  full  amplification  of  the  remaining 
stages.  In  the  case  of  thermal  agitation,  the  impedance 
across  the  grid  and  cathode  of  the  first  valve  develops  a 
noise  which  is  proportional  to  the  effective  resistance  and 
to  the  absolute  temperature.  As  is  to  be  expected,  the 
noise  is  random  and  is  distributed  over  the  whole  frequency 
spectrum,  so  that  a  receiver  with  a  wide  band  width  in¬ 
herently  possesses  more  background  noise  than  a  sharply 
selective  receiver,  which  is  a  further  argument  for  restriction 
of  the  band  width  to  the  minimum  necessary  to  fulfil  the 
particular  requirements. 

The  magnitude  of  the  voltage  produced  can  be  calculated 
from  the  formula — 


where  k  =  Boltzmann’s  constant  --  1*374  x 

T  —  absolute  temperature  =  273  +  temp,  in  ®C. 
U  =  resistance  comj)onent  of  input  impedance 
and  /i  and  /g  are  the  frequency  limits  of  the  receiver. 

This  is  a  general  formula  which  assumes  that  the  resistive 
component  of  input  impedance  is  not  constant  but  varies 
with  frequency.  In  the  more  usual  case  the  resistive  com¬ 
ponent  is  constant,  in  which  case  the  formula  reduces 
simply  to — 

UTR  (f,~f,) 

It  should  be  noted  that  a  tuned  circuit  behaves  as  a  high 
resistance  =  LjCR  and  that  this  dynamic  resistance  may 
be  substituted  in  the  formula.  The  magnitude  of  the  effect 
may  be  easily  assessed.  For  example,  a  tuned  circuit 
having  an  effective  resistance  of  0*25  megohm  at  a  tem¬ 
perature  of  300°  K.,  followed  by  an  amplifier  with  a  10- 
kilocycle  band  width  would  develop  6*4  microvolts.  To 
provide  a  satisfactory  signal- to -noise  ratio,  therefore,  we 
must  have  a  signal  of  50  or  60  microvolts  which  accounts 
for  the  statement  made  on  page  39,  that  the  smallest  com¬ 
mercial  signal  is  of  the  order  of  10  microvolts  per  metre. 

Moreover,  the  ordinary  detector  operates  at  a  voltage 
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of  a  few  volts,  so  that  the  maximum  r.f.  gain  which  can  be 
provided  to  the  detector  is  less  than  100  000,  a  surprisingly 
low  figure  and  one  which  can  easily  be  exceeded  with 
modern  technique. 

For  further  information  on  these  points  the  reader  is 
referred  to  a  paper  by  E.  B.  Moullin  and  H.  D.  M.  Ellis 
on  “The  Spontaneous  Background  Noise  in  Amplifiers  due 


^  Anode 
-  Cathode 
^6nld 


Fig.  3().  Illustrating  Cut-away  Portion  in  Centre 
OF  Grid  to  Give  Vari-mu  Action  and  thi  Type  or 

(  'H  \R\CTI]H1ST1(’  OUT \IMJ  > 


to  Thermal  Agitation  and  Shot  Effects,’’  Journal  LE.E., 
1934,  Vol.  74,  page  323. 

Gain  Control — Vari-mu  Valves. 

The  signal  at  the  output  end  of  the  receiver,  either  in 
the  form  of  audio-frequency  output  to  a  loud  speaker  or 
telegraphic  signals  to  a  recorder,  must  obviously  be  capable 
of  control.  The  necessity  for  keeping  the  voltage  applied 
to  the  detector  within  certain  limits  has  already  been 
mentioned,  and  this  leads  to  the  need  for  some  means  of 
controlling  the  amplification  of  the  h.f.  stages. 

A  most  satisfactory  way  of  achieving  this  is  by  using 
what  are  known  as  vari-mu  valves.  These  are  provided 
with  a  sj)ecially-designed  grid  so  that  the  slope  decreases 
progressively  as  the  grid  bias  is  increased.  Consequently, 
the  effe(‘tive  amplification  is  under  easy  and  simple  control 
by  merely  altering  the  grid  bias  applied  to  the  system. 
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The  valves  are  usually  tetrodes  or  p.f.  pentodes  and 
are  used  just  as  an  ordinary  valve.  Frequency-ehanging 
valves  are  also  usually  provided  with  this  form  of  control. 

The  subject  is  discussed  fully  in  a  paper  by  Ballantine 
and  Snow  entitled  “Reduction  of  Cross  Talk  in  Radio  Re¬ 
ceivers,”  Pror.l.E.E.,  Vol.  IS,  p.  2102,  ])ecember,  1930. 

Theoretically,  the  valve  should  obey  an  exponential  law 
so  tliat  the  rate  of  change  of  slope  at  any  point  is  propor¬ 
tional  to  the  slope  itself  at  that  point.  This  results  in  a 
valve  having  a  rather  low  maximum  (*onductance  and, 
therefore,  a  compromise  is  adopted,  by  omitting  some  of  the 
wires  in  the  centre  of  the  grid,  as  shown  in  Fig.  36.  Then, 
when  the  major  part  of  the  electron  emission  is  cut  off  by 
the  negative  voltage  on  the  grid,  there  is  still  a  “hole” 
through  which  some  electrons  can  flow,  and  since  the  grid 
at  this  point  is  a  wide-mesh  one,  the  effective  amplification 
factor  is  quite  small.  By  suitable  design  a  smooth  variation 
of  slope  can  be  obtained. 

Cross  Modulation. 

Any  ordinary  valve  will,  of  course,  give  decreased  amplifi¬ 
cation  as  the  grid  bias  is  increased,  but  the  variation  is 
not  uniform,  and  this  gives  rise  to  a  pernicious  (‘ff(H‘t  known 
as  rms\s  inodulatkm .  Let  us  assume  that  we  have  an  inter¬ 
fering  signal  several  times  as  strong  as  the  wanted  signal. 
Normally  wt  should  j)ass  the  signals  through  still  further 
tuned  stages  at  each  of  which  the  ratio  of  wanted  to  un¬ 
wanted  signal  WTUild  improve,  so  that  in  the  end  the  infer¬ 
ence  would  be  eliminated  (see  page  90). 

In  the  early  stages,  howe\er,  the  strength  of  the  inter¬ 
fering  signal  may  well  l>e  laree  cuiough  to  swing  the  valve 
over  so  extended  a  portion  of  its  characteristic  as  to  intro¬ 
duce  serious  distortion.  Under  these  conditions  the  effec¬ 
tive  gain  of  the  valve  will  depend  on  the  strength  of  the 
interfering  signal  so  that  the  output  of  the  wanted  signal 
will  be  controlled  by  tlie  modulation  of  the  interfering 
signal  in  addition  to  its  owm  legitimate  modulation. 

This  (TOSS  modulation,  once  introdu(*ed,  cannot  be  removed 
by  subsequent  tuning.  It  must  therefore  be  avoided  at  the 
start,  firstly  by  the  best  practicable  pre-selection  in  the 
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tuned  circuits  prior  to  the  first  valve,  and  secondly  by  en- 
suring  that  the  said  valve  will  handle  a  really  large  input 
without  serious  distortion.  A  vari-niu  valve  is  so  designed, 
particularly  with  the  bias  run  back.  This,  of  course,  reduces 
the  gain  which  may  result  in  an  increased  relative  noise 
level  so  that,  as  always,  the  designer  has  to  adojit  the  best 
compromise  to  suit  his  particular  requirements. 

Other  methods  of  radio-frequenc}^  gain  control  are  some¬ 
times  used,  such  as  variation  of  screen  voltage,  alteration 
of  aerial  coupling,  etc.  These,  however,  are  of  limited  appli¬ 
cation  and  the  majority  of  modern  circuits  use  the  vari-mu 
technique. 

EXAMPLES  IV 

(1)  Calculate  (a)  the  mutual  inductance  between  primary 
and  secondary,  and  (b)  the  approximate  step-up  ratio,  for 
optimum  gain  in  a  h.f.  transformer  having  a  165  /uH, 
secondary  following  a  valve  of  18  000  ohms  resistance  when 

(i)  /  =  1  200  kc/s.  K  =  13  ohms. 

(ii)  /  =  600  kc/s.  B  =  5  ohms. 

(2)  With  a  transformer  designed  to  suit  (ii)  above,  cal¬ 
culate  the  additional  resistance  in  the  secondary  due  to 
the  valve  at  the  two  frequencies. 

(3)  Calculate  the  approximate  gain  from  a  screen-grid 
valve  having  an  amplification  factor  of  1  000  and  an 
internal  resistance  of  300  000  ohms,  with  the  transformer 
designed  to  suit  (ii)  above,  at  the  two  frequencies. 


CHAPTER  V 

THE  RADIO  RECEIVER 

(6)  Superheterodyne  Receivers 

The  superheterodyne  receiver  is  used  very  considerably 
to-day.  As  explained  in  Volume  I,  the  procedure  here  is 
to  convert  the  incoming  signal  to  a  different  frequency 
by  mixing  it  with  a  suitable  local  oscillation.  A  modulated 
wave  is  then  produced  which  varies  at  a  frequency  corre¬ 
sponding  to  the  difference  between  the  incoming  oscillation 
and  the  local  oscillation.  For  this  difference  frequency  to 
be  detected,  it  is  necessary  that  the  combined  current 
shall  be  rectified  or  passed  through  some  form  of  non-linear 
device.  The  difference  tone  is  then  accej)ted  by  the  use  of 
tuned  circuits,  and  is  suitably  amplified  until  the  voltage 
is  sufficient  for  the  particular  detector  in  use. 

The  advantage  of  this  procedure  is  that  the  tuned  cir¬ 
cuits  employed  are  all  fixed-timed  (except  the  aerial  and 
oscillator).  Hence,  high -efficiency  circuits  can  be  used 
giving  high  gain  and  improved  selectivity  without  the 
troubles  attendant  on  the  use  of  ganged  h.f.  stages. 

In  particular,  the  amplification  in  a  “straight’’  set  varies 
with  the  setting  of  the  tuning  condenser,  since  the  dynamic 
impedance  LjCR  becomes  less  as  C  is  increased.  This 
difficulty  is  obviated  in  a  superhet,  which  gives  uniform 
Kain  and  selectivity,  an  important  advantage. 

The  difference  tone  is  stiff  a  radio  frequency,  the  actual 
value  depending  largely  upon  the  radio -frequency  signals  to 
be  received  in  the  first  case.  For  instance,  for  broadcast 
operation  where  the  frequency  ranges  from  1  500  to  150  kc/s., 
the  intermediate  frequency  may  V)e  chosen  at  about 
110  kc/s.  On  the  other  hand,  for  short-wave  reception  where 
the  frequencies  to  bo  received  are  of  the  order  of  several 
megacycles,  an  intermediate  frequency  of  400  to  500  kc/s. 
is  often  employed,  while  lower  or  higher  frequencies  are 
used  for  special  purposes.  In  any  case,  the  intermediate 
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frequency  is  much  higher  than  the  relatively  low  speech 
modulations,  which  are  therefore  transferred  through  the 
amplifier  to  the  detector,  unaffected  by  the  change  in  the 
carrier  frequency. 

I.F.  Amplifiers. 

The  construction  of  intermediate-frequency  amplifiers  is 
similar  to  ordinary  radio-frequency  practice,  except  that 
variable  tuning  condensers 
of  the  ordinary  pattern  are 
not  required.  Instead,  small 
pre-set  condensers  are  used 
usually  mounted  inside  the 
shielding  boxes  which  con¬ 
tain  the  coils.  Also,  in  order 
to  obtain  selective  tuning 
without  loss  of  upper  fre¬ 
quencies,  band- pass  circiiits 
are  used,  or,  alternatively, 
the  individual  circuits  are 
mistuned. 

The  usual  practice  is  to 
tune  both  anode  and  grid  circuits  and  to  couple  these  two 
together  magnetically.  The  coupling  is  adjusted  by  alter¬ 
ing  the  spacing  between  the  coils,  and  this  may  be  chosen 
to  give  the  critical  coupling  which  just  causes  the  combined 
resonance  curve  to  double  hump,  or  else  the  coupling  is 
set  slightly  weaker  than  this,  but  the  two  circuits  are 
deliberately  mistuned  so  that  they  give  an  effective  broad 
top  to  the  resonant  curve  as  shown  in  Fig.  37.  The  circuit 
is  a  particular  form  of  band-pass  filter  and  is  analysed 
further  in  Chapter  IX. 

Both  the  tuning  circuits  are  usually  mounted  in  the 
same  can  with  small  holes  through  the  top  by  which  the 
individual  tune  can  be  altered,  and  in  many  cases  the  actual 
resonance  curve  is  traced  by  a  cathode-ray  oscillograph 
and  the  adjustment  made  until  it  obeys  a  pre-determined 
ffhape.  Fig.  38  shows  a  typical  intermediate-frequency 
transformer. 


Fio  37.  Obtaining  Flat 
Top  by  Mistuning 
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The  stage  gain  is  usually  more  than  can  be  conveniently 
obtained  with  tuned  radio-frequency  stages  for  two  reasons. 

(a)  The  resistance  of  a  coil  of  given  inductance  decreases 
with  frequency  so  that  although  the  relatively  low  inter- 


Fig.  38.  Typical  Intkbmediate-fbequljscy 
Tbansfobmeb  with  Coveb  Removed 
Tlie  tuning  rondensers  are  of  the  coniprcsMion  type,  and  arc  mounted 
on  the  st(‘atite  top  i>ortion.  They  are  tuned  wiiij  a  screwdriver  ins(‘rted 
through  the  holes  seen  in  the  cover 

mediate  frequency  necessitates  inductances  of  10  000  juH.  or 
more,  the  ratio  LJR  is  far  higher  than  with  a  normal  signal- 
frequency  coil. 

(6)  The  fixed  tune  enables  the  circuit  to  develop  its 
maximum  gain.  With  a  signal  frequency  stage  the  set 
must  be  designed  to  accommodate  the  maximum  gain, 
which  occurs  towards  the  bottom  of  the  tuning  scale.  Over 
the  majority  of  the  scale,  therefore,  the  gain  is  appreciably 
Jess  than  the  maximum. 

The  fixed  tune  also  enabhis  the  best  ratio  of  LjC  to  be 
adopted.  Theoretically  the  gain  increases  as  this  ratio  is 
made  larger,  but  this  is  offset  to  some  extent  by  the  increase 
in  resistance. 

I.F.  Stage  Gain 

Generally  speaking,  the  dynamic  resistance  of  an  i.f. 
transformer  circuit  is  between  0-25  and  0*5  megohm,  giving 
gains  of  several  hundred.  With  such  circuits  the  full 
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formulae  must  be  used,  for  Z  is  no  longer  small  compared 
with  r. 

The  overall  gain  with  a  critically  adjusted  band-pass 
transformer  is  roughly  half  the  gain  from  the  valve  itself. 
As  explained  in  Chapter  IX,  critical  couphng  occurs  when 
M'^ojr  =  Ri  and  being  the  resistances  of  primary 


Fig.  39.  Tuned  I.F.  Tiiansformer  Circuit 


and  secondary  circuits,  usually  equal.  Under  these  con¬ 
ditions  the  performance  of  the  circuit  can  be  calculated 
fairly  easily. 

Consider  the  circuit  of  Fig.  39.  We  have  assumed  the 
primary  and  secondary  to  bt)  similar.  The  dynamic  im¬ 
pedance  of  the  primary  will  be  LjCRi  and  this  by  itself 
will  extract  from  the  valve  a  gain  of  juZiKr  -f  Z^), 

To  find  the  voltage  across  the  secondary  we  can  work 
in  two  ways.  Either  wc  can  evaluate  the  current  in  the 
primary,  determine  the  voltage  induced  in  the  secondary 
and  from  this  deduce  the  voltage  across  the  whole  secondary 
circuit,  or  v\e  can  re])lace  the  two  tuned  circuits  by  an 
equivalent  single  circuit. 

The  method  of  arriving  at  this  is  explained  in  Chapter  IX. 
The  effective  primary  resistance  becomes 
R^'  =:R^  + 

We  have,  however,  assumed  critical  coupling  so  that 
MW  =  Hence  ^IWjR^  =  R^  and  R^'  =  2R^,  In 

other  words  the  presence  of  the  secondary  has  doubled 
the  effective  resistance  of  the  primary. 

There  is  normally  a  reduction  of  primary  reactance  due 
to  the  secondary  but,  since  the  secondary  is  tuned,  Xg  =  O, 
and  this  effect  does  not  enter  into  the  calculation. 

The  effective  dynamic  impedance  is  thus  LI'ICR^  =  ZJ2y 
and  the  gain  becomes  as  /LiZJ2(r  +  2Zy).  If  Z,  were  small 
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compared  with  r  this  would  be  exactly  half  the  previous 
value.  Actually  it  is  a  little  less. 

It  should  be  noted  that  must  take  into  account  the 
oflFeot  of  any  shunt  resistance  across  the  secondary.  If  the 
fallowing  valve  is  an  amplifier  there  will  be  little  loss  on 
this  account,  but  if  the  transformer  is  feeding  a  diode  the 
damping  will  be  quite  heavy.  The  point  is  discussed  further 
in  the  next  chapter.  It  is  sometimes  sufficiently  great 
to  warrant  tapping  the  detector  some  way  down  the  coil. 

The  effective  selectivity  of  the  whole  circuit  may  be 
arrived  at  by  similar  treatment.  In  this  (‘ase  the  ecpiivalent 
parallel  circuit  of  Fig.  29  (b)  is  more  convenient.  We  reduce 
the  whole  circuit  to  a  single  equivalent  circuit  allowing  for 

(а)  The  reflected  secondary  losses  reterred  into  the 

primary  circuit. 

(б)  The  damping  due  to  the  valve  resistance  r  in 

parallel  with  the  circuit. 

The  selectivity  may  then  be  assessed  as  shown  on  page  56. 

Frequency  Changers. 

The  conversion  of  the  incoming  radio  frequency  to  the 
intermediate  frequency  is  a  matter  of  some  importance, 
and  numerous  methods  have  been  employed  from  time 
to  time.  Where  considerations  of  space  and  cost  permit, 
the  most  satisfactory  method  is  to  use  two  separate  valves 
for  the  purpose,  one  to  generate  the  oscillation  and  the 
other  to  do  the  mixing.  The  oscillator  valve  is  a  simple 
arrangement  using  one  or  other  of  the  well-known  oscillating 
circuits.  It  is  desirable  to  include  a  grid  condenser  and 
leak  in  order  to  maintain  the  oscillation  reasonably  con¬ 
stant,  and  also  to  avoid  excessive  grid  swings  which  generate 
harmonics  in  the  output. 

Harmonics  are  to  be  avoided  because  they  will  heterodyne 
with  stations  other  than  the  wanted  one  and  introduce 
audible  whistles,  particularly  if  they  happen  to  coincide 
with  the  frequency  or  the  harmonic  of  a  powerful  local 
station.  It  is  desirable,  therefore,  to  use  a  good  oscillator 
circuit  having  a  high  Q*  and  a  weak  reaction  coupling. 

♦  The  symbol  Q  is  used  to  denote  the  magnification  of  a  coil 
«  LoilR. 
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The  self-limiting  action  of  the  grid  condenser  and  leak 
is  only  partially  effective.  The  circuit  will  tend  to  oscillate 
more  readily  at  low  values  of  tuning  condenser  and  the 
reaction  may  be  so  great  that  “squegging”  occurs.  This  is 


Fig.  40.  Tkiodk-pentode  Fkequency-changer  Circuit 
The  suppressor  grid  in  the  pentode  is  omitted  for  clearness 

equivalent  to  grid  tick  in  a  transmitter  (see  page  6)  and  is 
due  to  the  same  causes. 

It  may  be  avoided  by  proper  choice  of  condenser-leak 
time  constant,  and  by  proportioning  the  reaction  winding 
to  give  higher  feed-back  at  low^er  frequencies,  reducing  the 
general  level  of  feed-back  at  the  same  time.  If  trouble  still 
persists  a  grid  stopj)er  may  be  introduced  in  series  with  the 
grid.  This  cuts  down  the  voltage  reaching  the  grid  in 
proportion  to  the  relative  impedances  of  the  stopper  and  the 
grid  capacitance.  Since  the  reactance  of  the  latter  falls  as 
the  frequency  rises  the  grid  voltage  is  automatically  reduced 
at  the  higher  frequencies.  The  value  of  grid  stopper  depends 
on  the  frequencies  under  consideration,  and  may  easily  be 
calculated  from  normal  circuit  laws. 

Mixing  Technique. 

The  exact  manner  in  which  the  beating  or  mixing  of  the 


78 


RADIO  COMMUNICATION 


oscillations  is  produced  has  evolved  through  several  stages. 
Early  procedure  used  a  simple  heterodyne  mixing  operating 
with  a  square  law  detector.  The  local  oscillation  was 
strong  and  the  incoming  signal  caused  variations  in  ampli¬ 
tude,  according  to  the  usual  heterodyne  detection  principle 
(see  Vol.  I,  Chapter  XIV).  A  typical  circuit  is  shown  in 
Fig.  40  in  which  a  pentode  valve,  designed  to  have  a  square 


Fia.  41.  Typical  Pentagrid  Frequency -changing 

ClKClTlT 

law  characteristic,  was  used  as  an  anode  bend  detector.  A 
small  triodc,  assembled  round  the  same  cathode,  generated 
the  local  oscillation,  and  the  two  were  mixed  by  using  a 
common  bias  resistor  in  the  cathode  circuit. 

A  later  technique  introduced  a  principle  known  as 
electronic  mixing.  The  first  valve  of  this  class  was  known 
as  the  pentagrid  or  heptode,  and  was  used  as  illustrated  in 
Fig.  41.  Next  to  the  cathode  were  two  grids  which  were 
used  as  grid  and  anode  for  the  oscillator.  The  electrons 
flowing  past  the  two  grids  to  the  valve  proper  were  con¬ 
trolled  very  largely  by  the  voltage  on  the  first  grid  which 
was  fluctuating  at  the  frequency  of  the  local  oscillation. 
The  incoming  signal  modulated  this  already  fluctuating 
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electron  stream  and  produced  a  composite  anode  current 
varying  in  the  manner  required. 

To  provide  the  outer  section  of  the  valve  with  tetrode 
characteristics,  a  screen  was  introduced  between  anode  and 
signal  grid  while  an  additional  grid  was  interposed  between 
the  signal  grid  and  the  oscillator  section  in  order  to  screen 
one  from  the  other,  and  avoid  interaction  between  the  two, 
other  than  due  to  purely  electronic  action.  This  grid  was 
connected  to  the  normal  screen. 

Pulling. 

This  question  of  interaction  is  important,  for  if  two  cir¬ 
cuits  are  coupled  together  they  act  as  a  combined  circuit 
exhibiting  two  tuning  jxnnts.  At  the  high  frequencies  in¬ 
volved,  the  inter-electrode  capacity  inside  the  valve  is 
sufficient  to  cause  appreciable  coupling,  so  that  the  tuning 
of  the  signal  input  circuit  has  an  appreciable  effect  on  the 
oscillator  frequency.  At  the  frequencies  employed  in  short 
wave  reception  this  pulling  becomes  very  marked  and  is 
sufficient  to  upset  the  operation  of  the  receiver  quite 
seriously. 

A  further  disadvantage  is  that  the  mixing  is  adversely 
affected.  It  is  customary,  for  convenienc*e  of  ganging  as 
explained  later,  to  use  an  oscillator  frequency  higher  than 
the  signal  frequency.  Under  such  conditions  the  interaction 
produced  by  inter-electrode  capacitance  coupling  is  in 
opposition  to  that  produced  electronically  so  that  as  the 
frequency  rises  the  effectiveness  of  the  valve  as  a  mixer  is 
seriously  reduced. 

Still  another  disadvantage  of  the  heptode  is  that  since 
the  grid  closest  to  the  cathode  has  the  greatest  effect  on  the 
anode  current,  the  oscillator  grid  variation  is  subjected  to 
the  full  amphfi cation  of  the  valve,  whereas  the  signal  grid 
is  only  subject  to  a  much  smaller  amplification.  This  is  the 
wrong  way  round  for  efficient  operation,  since  it  is  easy  to 
generate  a  large  local  oscillation,  w  hereas  the  signal  being 
received  is  pormally  very  minute. 

Triode-hexode. 

These  disadvantages  led  to  the  introduction  of  the  hexode 
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mixing  valve  and  its  associated  valve,  the  triode-hexode. 
In  the  hexode  the  signal  grid  is  placed  next  to  the  cathode. 
Three  further  grids  follow.  The  second  and  fourth  are  tied 
together  and  connected  to  an  intermediate  positive  potential 
similar  to  the  screen  of  a  normal  tetrode.  The  third  grid 
in  between  these  two  is  fed  with  voltage  from  the  local 
oscillator. 

The  action  of  this  valve  is  similar  to  the  heptode  except 
that  the  conditions  are  reversed.  The  incoming  signal 


^  megohm 


Fio.  42.  Ttuode-hexode  Frequency  Changer 


causes  variations  in  anode  current  vhich,  bec*ause  the  valve 
is  a  high  gain  valve,  are  capable  of  causing  appreciable 
anode  current  changes.  These  anode  current  changes  are 
then  modulated  by  the  loeal  oscillation  aj)plied  to  the 
modulator  grid,  and  although  this  requires  from  5  to  15 
volts  in  order  to  produce  a  satisfoctory  performance,  this 
is  easily  provided  by  a  local  oscillation. 

In  the  triode-hexode  a  small  triode  section  is  mounted  on 
the  same  cathode  and  the  grid  of  this  section,  while  available 
externally,  is  also  connected  internally  to  the  modulator 
grid.  A  triode-hexode  circuit  is  shown  in  Fig.  42. 

The  advantage  of  this  type  of  valve  is  partly  a  better 
signal -to-noise  ratio  resulting  from  the  amplification  of  the 
incoming  signal  before  it  is  modulated  by  the  local  oscilla¬ 
tion,  and  secondly  appreciably  less  interaction  between 
signal  and  oscillator  circuit.  This  is  further  enhanced  by 
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using  a  tuned  anode  circuit  in  the  oscillator,  so  that  the 
circuit  which  actually  controls  the  frequency  of  the  oscil¬ 
lation  is  considerably  removed  from  the  signal  circuit.  A 
tuned  anode  circuit  is  also  more  stable,  being  less  dependent 
in  frequency  on  circuit  changes  than  a  tuned  grid  arrange¬ 
ment. 

Theory  of  Mixing. 

The  operation  of  the  electronic  frequency  changer  is 
essentially  different  from  the  earlier  form  of  rectification 
process.  Where  a  detector  is  used  to  produce  the  mixing, 
the  local  oscillation  and  the  incoming  signal  are  added. 
The  sum  of  two  sine  waves  produces  a  composite  wave 
liaving  fre(j[uency  equal  to  the  mean  of  the  two  component 
waves  modulated  at  a  frequency  of  half  the  difference. 
This  modulation  component  is  simply  a  variation  of  ampli¬ 
tude,  and  cannot  be  detected  unless  rectification  is  present, 
which  process  incidentally  produces  a  doubling  term  w  hich 
gives  the  beat  tone  equal  to  the  actual  difference  between 
the  frequencies.  Since  one  of  the  inputs  is  very  small,  it  is 
customary  to  adopt  a  square  law’  detector,  in  wdiif'h  case 
the  familiar  heterodyne  amplification  is  obtained. 

Let  v-^  sin  cot  and  sin  (ca  +  f)t  be  the  signal  and  local 
oscillations  respectively.  Using  a  square  law^  detector,  the 
anode  current  will  be  proportional  to 

(Vj  sin  cot  t  Tg  sin  (co  +  f)t)^ 

—  sin^  cot  h  ?'2“  sin^  (m  f)t  f  sin(ca+/)^ 

The  last  term  is  the  one  in  w^hicli  we  are  interested,  and 
this  may  b(*  rcwTitt(*n  in  a  more  interesting  form.  By  the 
usual  trigonometrical  rules 

2i\V2  sill  cot  sin  (ca  +/)'  =  (cos  ft  —  cos(2ca  +  f)t) 

The  second  term  here  denotes  a  frequency  of  approxi¬ 
mately  twice  that  of  the  incoming  signal,  but  the  first 
term  is  a  low-freqiK*ncy  term  rejiresenting  an  oscillation 
at  the  difference  frequency/,  and  having  an  amplitude  pro¬ 
portional  to  both  Vi,  the  incoming  signal,  and  Vgj  local 
oscillation. 

With  electronic  mixing,  the  incoming  signal  is  made  to 
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modulate  the  local  oscillation  and  the  anode  current  is 
proportional  to  the  product  of  the  two  component  fre¬ 
quencies.  In  such  circumstances  two  distinct  frequencies 
are  produced,  one  equal  to  the  difference  in  frequency, 
and  the  other  to  the  sum,  the  latter,  of  course,  being  dis¬ 
regarded  and  attention  concentrated  on  the  difference 
frequency. 

Assuming  inputs  of  sin  oyt  and  sin  (co  +  f)t  as  before, 
the  anode  voltage  will  be  proportional  to 

V1V2  sin  cot  sin(^o  +  f)t 

=  \v^V2  (cos/<  —  cos(2m  +  f)t) 
which  ('ontains  a  radio-frequency  term  and  a  difference 
term  as  before. 

It  is,  therefore,  not  necessary  to  have  any  rectification 
present,  and  this  enables  the  valve  to  operate  under  more 
efficient  conditions.  It  is  important  to  arrange  the  circuit 
so  that  it  by-passes  the  sum  frequency  satisfactorily.  This 
is  usually  achieved  by  designing  the  i.f.  transformer  in  the 
anode  of  the  frequency  changer  to  operate  with  a  tuning 
capacity  of  at  least  50// /iF.,  or  2)referably  rather  more,  so 
that  the  anode  im[)edanoe  at  the  frequency  2/o  /  is  very 

small,  and  the  voltage  developed  is  negligible,  whereas  at 
the  difference  frequency  the  anode  impedance  is  high  since 
the  i.f.  transformer  is  tuned  to  this  fn^quency,  and  an 
appreciable  voltage  is  developed. 

It  is  worth  noting  that  the  e\j)ression  for  the  difference 
voltage  contains  a  2  in  the  denominator,  indicating  that  the 
output  is  one-half  that  wliich  would  be  obtained  by  the 
valve  operating  under  the  same  conditions  on  a  single  fre¬ 
quency.  This  is  found  to  be  the  case  in  practice,  and  if  a 
frequency  changer  is  supplied  with  i.f.  on  the  signal  grid, 
the  gain  will  be  found  to  be  twice  as  great  as  that  which 
is  obtained  when  the  valve  is  ojierating  as  a  frequency 
changer. 

Conversion  Conductance. 

In  frequency  changers  a  term  analogous  to  the  customary 
mutual  conductance  is  usually  quoted.  This  is  the  change 
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in  anode  current  at  beat  frequency  divided  by  the  change  in 
grid  voltage  at  signal  frequency,  and  it  is  known  as  the 
conversion  conductance. 

The  gain  of  a  frequency  changer  stage  may  be  determined 
in  the  same  way  as  an  ordinary  h.f.  pentode,  being  equal 
to  cZ,  where  c  is  the  conversion  conductance  and  Z  is  the 
anode  impedance  to  the  intermediate  frequency.  This,  of 
course,  assumes  that  the  anode  impedance  is  small  com¬ 
pared  with  the  internal  resistance  of  the  valve,  which  is 
justifiable  since  the  valve  is  made  with  characteristics 
similar  to  those  of  an  ordinary  h.f.  pentode. 

While  the  mutual  conductance  of  a  h.f.  pentode  is  usually 
of  the  order  of  three  (and  for  special  types  of  valve  may  be 
more  than  twice  this  figure)  the  conversion  conductance 
of  a  modern  frequency  changer  is  less  than  one,  usually 
being  of  the  order  of  0*5,  or  even  less. 

Noise  in  Frequency  Changers. 

Shot  noise  is  more  severe  in  a  frequency  changer  than 
with  a  normal  valve,  for  various  reasons.  Referring  again 
to  the  basic  expression  —  2keFAfiJg^  quoted  on  page 
67,  it  will  be  clear  that  the  factor  ijg^  is  two  or  three  times 
higher  than  with  a  normal  valve  while  the  factor  F  is  found 
to  be  of  the  order  0-5  to  0*6. 

Up  to  a  point  the  designer  still  aims  to  keep  g^jia  high, 
but  this  involves  long  cathodes  and  consequent  increase  in 
inter-electrode  capacitances,  which  causes  increased  “  pull¬ 
ing  between  the  circuits,  and  often  a  valve  is  deliberately 
designed  to  have  more  shot  noise  in  order  to  permit  im¬ 
provement  in  these  other  respects. 

Moreover,  if  the  valve  is  fed  with  an  amplified  signal  from 
one  or  more  h.f.  stages,  the  signal-to-noise  ratio  of  the  fre¬ 
quency  changer  becomes  of  minor  importance,  the  Johnson 
noise  on  the  input  to  the  h.f.  stage  becoming  the  pre¬ 
dominating  factor. 

It  is  sometimes  stated  that  the  presence  of  the  local 
oscillation  in  a  frequency  (‘hanger  causes  the  admittedly 
higher  background  noise  which  is  observed.  This  is  quite 
erroneous. 
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Undesired  Response. 

Probably  the  greatest  defect  of  the  superheterodyne 
system  is  its  liability  to  produce  false  signals  or  interferences. 
This  arises  from  the  large  number  of  combinations  which 
will  affect  the  frequency  changer.  The  most  obvious  form 
of  false  response  is  that  known  as  image  or  second  channel 
interference. 

The  local  oscillator  is  adjusted  to  differ  from  the  wanted 
signal  by  the  intermediate  frequency  and  is  usually  ar¬ 
ranged  higher  than  the  signal  frequency  for  convenience 
of  ganging.  It  could,  however,  equally  well  be  lower  and 
it  follows  therefore  that  for  any  setting  of  the  oscillator 
frequency  there  will  be  two  signal  frequencies,  one  lower 
and  the  other  higher,  each  of  which  uill  produce  the 
required  intermediate  frequency.  Only  one  of  these  is  the 
wanted  signal. 

To  avoid  this  interference  the  pre-selecting  circuit,  i  e. 
the  tuning  circuit  prior  to  the  frequency  changer,  must  be 
capable  of  discrimmating  between  the  wanted  signal  and 
another  signal  separated  by  twice  the  intermediate  fre¬ 
quency,  even  though  this  second  signal  may  be  many  hundred 
times  stronger.  With  lo^\  intermediate  frequencies  this  is 
not  always  easy.  The  criterion  is  a(‘tually  the  relative  value 
of  the  intermediate  frequency  and  the  signal  frequency, 
and  as  the  signal  frequency  becomes  higher  it  becomes 
desirable  to  increase  the  intermediate  frequency  corre¬ 
spondingly.  The  subject  is  discussed  further  in  Chapter 
XII. 

Broadcast  receivers  usually  use  at  least  two  tuned  cir¬ 
cuits  prior  to  the  frequency  c’hanger,  often  associated  with 
a  high-frequency  ampHfying  valve  to  improve  the  signal-tor 
noise  ratio.  This  is  adequate  to  avoid  second  channel  inter¬ 
ference  on  medium  and  long  waves  but  is  not  sufficient  for 
short  waves  where  the  interference  is  present,  and  each 
station  w'ill  be  found  to  show  two  tuning  points. 

Whistles. 

An  even  more  annoying  form  of  interference  is  that  which 
gives  rise  to  whistles  at  certain  parts  of  the  tuning  scale. 
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These  whistles  arise  from  interaction  between  the  oscillator 
or  one  of  its  harmonics  and  some  received  oscillation  which 
differs  by  the  i.f.  plus  or  minus  some  small  amount.  This 
oscillation  will  be  accepted  by  the  i.f.  amplifier  and  since 
it  is  also  handling  the  carrier  of  the  wanted  station  (con¬ 
verted  to  intermediate  frequency)  the  two  oscillations  will 
beat  and  produce  an  audible  whistle. 

Another  form  of  interference  is  obtained  if  two  strong 
local  stations  differ  in  frequency  by  an  amount  equal  to  the 
intermediate  frequency  chosen.  These  will  beat  to  ]:)roduce 
an  oscillation  of  the  order  of  the  i.f.  whic  h  in  turn  will  beat 
with  the  carrier  of  the  station  being  received  and  will 
produce  an  audible  beat. 

Ideally,  of  course,  no  signal  should  reach  the  frequency 
changer  at  any  frequency  other  than  that  required,  but  in 
practice  the  pre-selection  is  by  no  means  perfect,  and 
strong  local  stations  will  invariably  give  rise  to  these  beats. 
The  only  remedy  is  to  improve  the  quality  of  the  tuning 
prior  to  the  frequency  changer  so  that  the  residual  voltage 
which  still  comes  through  the  chain  when  the  circuit  is  off 
tune  is  very  small.  With  receiverKS  working  on  a  fixed 
frequency,  or  within  a  restricted  band,  it  is  possible  to 
choose  the  intermediate  frequency  so  that  the  beats 
which  would  be  produced  are  outside  the  audible  range. 
A  sinn)le  calculation  of  frequency  differences,  taking  into 
account  not  only  fundamentals  but  harmonics  up  to  the 
fifth,  wall  soon  show^  what  interferences  are  likely  to  occur. 

With  a  broadcast  receiver,  owing  to  the  wide  range  and 
the  different  conditions  under  wdiich  it  has  to  be  used  so 
that  the  “local”  stations  are  different  at  different  parts  of 
the  country,  it  is  not  i)racticable  to  make  any  very  definite 
choice  and  adequate  pre-selection  is  the  only  remedy. 

Another  form  of  whistle  arises  from  harmonics  of  the 
intermediate  frequency.  If  reception  is  attempted  at  a 
frequency  corresponding  to  a  harmonic  of  the  i.f.  and  if  any 
coupling  exists  between  the  second  detector  and  the  input 
of  the  set,  then  whistles  can  arise  since  the  second  detector 
is  bound  to  produce  some  measure  of  harmonics  of  the  inter¬ 
mediate  frequency. 

In  any  case  very  careful  screening  and  layout  is  essential 
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on  the  stages  prior  to  the  mixer.  Otherwise,  signals  will 
find  their  way  on  to  the  signal  grid  of  the  frequency  changer 

(а)  by  direct  pick-up  on  the  signal  frequency  circuit 
of  the  frequency  changer  (or  the  oscillator  circuit) ; 

(б)  by  leakage  from  the  aerial  circuit  to  the  frequency 
changer  via  stray  capacitances  or  conductive  paths  which 
will  short-circuit  the  selecting  action  of  the  tuned 
circuits. 

The  choice  of  earthing  points  is  important,  for  a  relatively 
short  length  of  common  earth  lead  will  form  a  direct 
coupling  from  the  beginning  to  end  of  the  chain  and 
seriously  reduce  the  selectivity,  as  explained  on  page  64. 

Ganging  in  Superheterodyne  Receivers 

The  usual  practice  is  to  tune  all  the  signal-frequency 
circuits,  including  the  oscillator,  together.  The  ganging  of 
the  band-pass  and/or  h.f.  stages  is  simple  and  is  effected 
by  the  methods  described  on  page  61. 

The  oscillator  circuit,  however,  is  more  troublesome 
owing  to  the  entirely  different  frequency  range  to  be 
covered.  For  example,  using  a  450  kc  s.i.f.  the  medium- wave 
signal  frequency  range  will  be  from,  say,  550  to  1  500  kc/s., 
while  the  oscillator  must  range  from  1  000  to  1  950  kc/s. 
Reducing  the  inductance  of  the  oscillator  coil  will  help 
matters,  but  we  are  still  left  with  the  fact  that  the  capaci¬ 
tance  range  of  the  condenscT  will  be  too  great. 

Thus  to  cover  a  range  of  550  to  1  500  kc/s.  a  capacitance 
range  of  (1  500/550)-  ~  7*45  will  be  required.  If  we  make 
the  oscillator  inductance  such  that  it  will  tune  with  the 
minimum  capacitance  to  1  950  kc/s.,  it  will  give  715  kc/s. 
at  the  maximum,  whereas  we  require  1  000  kc/s.  Clearly  the 
capacitance  range  must  be  restricted. 

This  can  be  done  by  including  a  series  or  '‘padding’’ 
condenser  in  the  oscillator  section  of  the  gang  condenser 
which  will  reduce  the  effective  maximum  capacitance  to 
a  value  sufficient  to  tune  the  particular  oscillator  inductance 
to  1  000  kc  s.  Such  a  capacitance  will  be  fairly  large  and 
will  thus  have  little  effect  on  the  minimum,  but  we  have 
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no  guarantee  that  the  tracking  will  be  correct  at  intermediate 
points  on  the  tuning  scale. 

An  alternative  method  is  to  add  a  large  “trimming** 
condenser  in  parallel  with  the  oscillator  section.  This  again 
restricts  the  capacitance  range  and  a  value  can  be  so  chosen 
as  to  give  correct  tracking  at  top  and  bottom  of  the  scale 
(though  with  a  different  oscillator  inductance). 

As  before,  the  intermediate  tracking  may  be  incorrect 
and  actually  both  methods  produce  errors  in  opposite 


Fig.  43.  Tracking  Circuit  for  Superheterodyne 
Oscillator 

directions.  Hence,  in  practice,  a  combination  of  the  two 
is  used,  a  third  point  being  chosen  in  the  middle  of  the  scale 
at  which  it  is  arbitrarily  assumed  that  the  tracking  shall 
be  correct.  We  then  have  three  “spot-on*’  frequencies  and 
three  variables — the  oscillator  inductance,  the  padder  and 
the  trimmer,  and  we  can  find  definite  values  for  each 
which  will  fulfil  the  three  conditions.  Elsewhere  the 
tracking  is  still  a  little  out,  but  the  method  can  be  made 
to  give  very  satisfactory  results. 

Alternatively,  specially  shaped  vanes  may  be  used  on 
the  oscillator  section  of  the  condenser,  which  is  made  to 
have  a  smaller  maximum  capacitance  than  the  other 
sections,  but  such  a  condenser  can  only  be  used  with  a 
specified  i.f.  and  on  one  wave- band.  For  any  other  wave 
range  padder s  and  trimmers  must  still  be  used. 

The  padding  and  trimming  capacitances  must,  of  course, 
be  altered  for  each  wave  range  and  are  usually  incorporated 
in  the  coil  system  and  changed  over  by  the  switching  which 
alters  the  coils.  One  arrangement  is  shown  in  Fig.  43. 

4— <T.5419) 
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Frequency  Drift. 

A  most  important  practical  consideration  is  that  of  fre¬ 
quency  drift.  As  the  parts  of  the  receiver  warm  up  the 
oscillator  frequency  tends  to  change  and  with  bad  design 
this  drift  is  serious,  necessitating  constant  re-tuning.  More¬ 
over  the  drift  may  continue  almost  unabated  for  some 
hours. 

John  M.  Miller  has  shown  {Electronics,  Nov.  1037)  that 
this  is  due  to  serious  change  in  the  dielectric  constant  of 
some  materials  used  for  insulation  of  the  tuning  condenser, 
Bakelized  linen,  for  example,  shows  a  change  of  +  0*2  per 
cent  per  degree  C.  Ebonite  and  high  grade  synthetic  com¬ 
pounds  are  subject  to  changes  of  the  order  of  +  0-02 
per  cent. 

Ordinary  ceramic  materials  have  a  positive  temperature 
coefficient  between  0-01  and  0*02  per  cent,  but  certain 
materials  incorporating  oxides  of  titanium  have  a  negative 
coefficient  of  0-06  to  0  07  per  cent.  By  allocating  a  suitable 
proportion  of  the  circuit  capacitance  to  this  negative- 
coefficient  material  the  positive  coefficient  not  only  of  the 
remaining  capacitance  but  also  the  inductance  in  the  cir¬ 
cuit  may  be  offset,  so  that  the  circuit  is  substantially  free 
from  frequency  drift. 

Flutter. 

Frequency  flutter  is  an  effect  arising  if  the  a.v.c.  control 
voltage  causes  a  change  in  oscillator  frequency.  Then  if*  the 
frequency  drifts  the  detector  voltage  falls  causing  alteration 
of  the  bias  on  the  frequency  changer  (via  the  a.v.c.)  which 
pulls  the  frequency  back.  The  detector  voltage  rises  again, 
removing  the  a.v.c.  and  the  original  state  is  resumed.  The 
detector  voltage  is  thus  in  a  continual  state  of  fluctuation 
causing  a  disagreeable  fluttering  of  the  speech  or  music. 

There  are  various  other  points  of  design  which  could  be 
considered  but  since  this  book  is  concerned  with  funda¬ 
mentals  they  cannot  be  dealt  with  in  detail. 

EXAMPLES  V 

(1)  The  i.f.  transformer  of  a  superhet  comprises  two  cir¬ 
cuits  each  of  10  000 ^H.  inductance  tuned  with  a  capacitance 
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of  150/</(F.  The  circuits  are  critically  coupled  and  each 
has  an  effective  resistance  of  150  ohms.  (/  =  130  kc/s.) 
Calculate — 

(a)  The  mutual  inductance  for  critical  coupling  (use 
the  criterion  =  R^K^). 

{b)  The  effective  primary  resistance  and  the  ‘  ‘  dynamic  ” 
impedance  LjCR  of  the  primary. 

(c)  The  approximate  gain  with  a  screen-grid  valve 
having  a  slope  of  2  mA./V. 

(d)  The  proportion  of  the  primary  voltage  developed 
across  the  secondary. 

(2)  If  the  transformer  of  the  preceding  question  is  used 
in  the  anode  circuit  of  a  frequency  changer  having  a  con¬ 
version  conductance  of  1  rnA./V.,  what  will  be  the  overall 
gain  (.signal  voltage  input  to  i.f.  voltage  acros.s  the  secondary 
of  the  transformer)  ? 


CHAPTER  VI 

THE  RADIO  RECEIVER 

(c)  The  Detector  Stage 

A  VERY  important  link  in  any  radio  receiver  is  the  detector. 
This  should  normally  obey  a  linear  law — i.e.  the  rectified 
(l.f.)  output  should  be  proportional  to  the  h.f.  input.  This 
is  particularly  important  for  telephony  reception,  not  only 
on  the  score  of  freedom  from  distortion  (so  that  the  l.f. 
output  may  follow  faithfully  any  variations  in  the  h.f. 
input  due  to  modulation)  but  also  from  considerations  of 
selectivity. 

It  has  been  found  that  with  a  linear  detector  any  signal 
which  is  stronger  than  another  (interfering)  signal  will  take 
control.  Although  the  rectified  output  will  contain  a  radio 
frequency  made  up  of  a  combination  of  both  the  wanted 
and  the  unwanted  station,  only  the  modulation  of  the 
stronger  signal  will  be  heard. 

The  ultimate  aim  of  the  tuning  circuits  is  thus  to  reduce 
any  station  to  which  the  circuits  are  not  tuned  below  the 
level  of  the  wanted  carrier  (to  which  the  circuits  are  tuned). 
For  further  information  the  reader  is  referred  to  a  paper 
by  Beatty  on  “The  Apparent  Demodulation  of  a  Weak 
Signal  by  a  Stronger  One,”  Wireless  Engineer,  Vol.  5, 
page  300,  June,  1928. 

Diode  Detectors. 

The  simplest  form  of  detector  is  the  diode,  which  is 
practically  linear  and  has  a  high  rectification  efficiency. 
Fig.  44  shows  a  simple  diode  circuit.  The  h.f.  voltage 
across  the  tuned  circuit  will  produce  a  current  through  the 
diode  which  will  charge  the  condenser  to  a  voltage  approxi¬ 
mately  equal  to  the  peak  value  of  the  applied  e.m.f. 
During  the  remainder  of  the  cycle  this  charge  will  leak  away 
through  the  resistance  R  until  the  next  peak,  when  the 
diode  will  again  conduct  and  the  charge  will  be  restored. 
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If  the  signal  is  modulated,  the  time  constant  of  the 
resistance  and  condenser  must  be  such  as  to  allow  the 
charge  on  the  condenser  to  vary  at  least  as  rapidly  as  the 
highest  modulation  frequency.  This  involves  relatively 
low  values  of  B  and  C,  but 
the  leak  cannot  be  made 
smaller  than  about  0*25 
megohm  or  the  damping  on 
the  tuned  circuit  becomes 
serious,  while  the  condenser 
must  be  large  compared 
with  the  self -capacitance  of 
the  diode  or  an  appreciable 
fraction  of  the  voltage  is  lost.  A  value  of  about  100  nfiY. 
is  usual. 

Fig.  45  shows  a  slightly  modified  form  of  circuit  in  which 
the  leak  is  across  the  diode  instead  of  across  the  condenser. 
The  action  is  similar  and  it  is  desirable  to  analyse  the 


Diode 


Fig.  44.  Simple  Diode 
Detector 


operation  in  greater  detail.  It  will  be  seen  that  the  diode 
is  coupled  to  the  succeeding  valve  through  an  isolating 
condenser  (to  insulate  the  grid  of  the  second  valve  from 
the  steady  potential  developed  across  the  diode  resistance 
JRi).  A  grid  leak  taken  to  a  suitable  source  of  bias  is  con¬ 
nected  across  the  output  in  the  usual  way. 

The  application  of  a  modulated  carrier  wave  across  the 
input  charges  the  condenser  Cj  to  a  voltage  approximately 
equal  to  the  instantaneous  peak  value  of  the  applied  e.m.f. 
Since  the  carrier  is  modulated  this  condenser  charge  will  be 
in  the  form  of  a  steady  voltage  with  a  superposed  alternating 
/"Component. 

It  will  be  clear  that  the  circuit  offers  different  impedances 
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to  the  two  types  of  voltage.  To  the  steady  d.c.,  the  imped¬ 
ance  is  simply  The  alternating  component,  however, 
has  a  parallel  path  through  C  and  while  in  addition  the 
shunt  capacitances  6\,  C2  and  also  bypass  some  of  the 
current. 

The  alternating  component  therefore  will  produce  rela¬ 
tively  more  current  than  the  d.c.  component,  so  that 
distortion  is  liable  to  be  introduced.  The  maximum 
modulation  which  can  be  handled  without  distortion  can 
be  arrived  at  as  follows. 

Let  the  mean  value  of  the  condenser  voltage  be  e.  Then 
the  modulation  component  will  be  me  sin  jpt  where  m  is  the 
depth  of  modulation  and  p  is  the  modulation  frequency. 
If  Z  is  the  effective  impedance  of  the  circuit  to  a.c.,  the 
modulation  current  will  be  (mejZ)  sin  pt,  and  the  peak  value 
of  this  will  be  mefZ. 

Now  this  peak  value  cannot  exceed  the  d.c.  current. 
Hence  we  can  write  ^neJZ  =  whence 

w  =  ZijR^ 

At  low  frequencies  the  capacitances  exercise  a  negligible 
effect  so  that  Z  is  simply  R^RJiB^  +  R2).  The  maximum 
modulation  depth  is  thus  m  =  RJiRi  +  R2)> 

At  higher  frequencies  Z  is  less  than  the  value  just  quoted 
so  that  the  permissible  modulation  falls  off  still  more.  By 
making  R^  three  or  four  times  R^  we  can  approach  full 
modulation,  but  some  distortion  is  unavoidable.  Special 
networks  have  been  suggested  to  obviate  the  difficulty,  but 
the  usual  practice  is  to  make  i?2  large  and  admit  a  small 
distortion  on  the  peaks.* 

It  is  worth  noting  that  up  to  the  critical  value  the  effici¬ 
ency  of  rectification  is  very  high,  because  although  the 
a.c.  impedance  is  lower  than  R^  the  current  is  greater,  and 
in  fact  the  a.c.  modulation  voltage  is  the  same  as  it  would 
be  if  the  circuit  only  contained  the  one  resistance  R^.  The 
rectification  efficiency  is  then  RJiRi  +  r),  where  r  is  the 
diode  resistance,  this  being  the  ratio  of  the  a.c.  volts  across 
Ri  to  the  modulation  voltage  across  the  whole  circuit. 

Diode  characteristics  of  the  type  shown  in  Fig.  46  are 
*  See  Wireless  Worlds  Dec.  28th,  1934. 
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often  used.  These  show  the  d.c.  through  the  diode  for 
different  values  of  steady  negative  bias  with  various  values 
of  applied  a.c.  We  can  draw  a  load  line  OP  A  through  0 
corresponding  to  the  d.c.  load  R^.  Where  this  cuts  the 
appropriate  input  curve  will  show  the  operating  point  P 


Fig.  46.  Dynamic  Diode  Characteristics 
Tlie  vanoub  cur\c'i  are  for  different  values  of  applied  a.c. 


and  the  steady  bias  OV  which  will  be  developed  across  Pj. 
If  through  P  we  draw  another  load  line  corresponding  to 
the  a.c.  impedance  Z  we  can  see  at  once  that  the  excursion 
is  limited  since  XPY  cuts  the  zero  axis  before  full  modula¬ 
tion  is  developed. 

A  possible  remedy  is  to  apply  positive  bias  to  the  diode 
which  would  shift  the  operating  point  to  the  right  as  shown 
dotted.  With  this  arrangement  {first  suggested  by  Kirke) 
the  distortion  may  be  avoided,  but  a  permanent  diode  cur¬ 
rent  then  flows,  giving  heavy  damping  on  the  preceding 
circuit. 

With  suitable  precautions  the  diode  can  be  made  to 
give  particularly  faithful  detection,  and  this,  coupled  with 
its  ability  to  handle  large  inputs  of  the  order  of  10  to  20 
volts  has  made  it  very  popular  in  recent  years.  Many 
circuits  to-day  use  a  diode  to  drive  the  output  valve  direct, 
without  any  intervening  stage.  Special  high  sensitivity 
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valves  are  used  capable  of  delivering  the  full  (2|  watts) 
output  with  an  input  of  only  2|  volts  r.m.s. 

Special  double-diode  and  double-diode-triode  valves  have 
come  to  the  fore  recently,  particularly  for  a.v.c.  circuits, 
as  explained  later. 

Triode  Detectors — The  Anode-bend  Rectifier. 

The  use  of  a  triode  as  a  detector  has  been  discussed  in 
Volume  I.  There  are  two  principal  methods  of  use.  In 
the  first  the  valve  is  used  as  an  anode-bend  arrangement 
in  which  the  curvature  of  the  characteristics  at  large  values 
of  grid  bias  is  utilized.  A  decrease  in  grid  voltage  then 
produces  an  appreciable  change  in  anode  current,  whereas 
an  increase  makes  little  difference  as  the  current  is  already 
practically  zero. 


Fig.  47.  Use  of  Anode  Bend  Detectok 
Distortionless  Condition 
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This  method  of  rectification  is  only  used  under  special 
circumstances.  It  is,  of  course,  insensitive  because  of  the 
very  low  slope  on  the  characteristic  at  the  point  where 
the  anode  current  is  nearly  zero.  Secondly,  the  slope  in¬ 
creases  as  the  grid  swing  increases.  This  can  clearly  be 
seen  from  Fig.  47,  and  means  that  the  rectified  current 
is  not  strictly  proportional  to  the  applied  signal.  Hence, 
where  distortionless  operation  is  required,  this  form  of 
detector  is  not  suitable,  except  under  certain  limited 
conditions. 

A  telephony  transmitter  is  rarely  modulated  more  than 
80  per  cent.  If  the  valve  is  designed  to  operate  with  a 
high  anode  voltage  and  a  large  negative  bias,  the  curved 
portion  at  the  bottom  of  the  characteristic  only  comes  into 
play  with  small  input.  Suppose  the  carrier  input  is  such 
as  to  swing  the  valve  over  the  region  GAG,  Variations 
in  carrier  strength  due  to  modulation  would  vary  the  ampli¬ 
tude  between  the  limits  X  and  Y  which  are  still  on  the 
relatively  straight  part  of  the  curve.  Under  these  conditions 
distortionless  detection  would  result,  ])ut  it  will  be  seen  to 
require  a  large'  carricT  signal  and,  moreover,  the  grid  bias 
should  be  adjusted  exactly  to  suit  the  incoming  signal. 

Triode  Detectors — The  Grid  Rectifier. 

In  the  second  method,  the  audio-frequency  voltage 
developed  at  the  grid  by  the  rectifying  action  causes  the 
anode  current  to  vary  so  that  considerable  amplification 
is  obtained.  The  valve,  in  fact,  operates  exactly  as  a  diode 
coupled  to  a  simple  l.f.  amplifier,  but  the  presence  of  high- 
frequency  voltages  on  the  grid  disturbs  the  operation. 
These  h.f.  voltages  are  considerably  greater  than  the  low- 
frequency  modulation,  and  therefore  they  overload  the 
valve  long  before  full  l.f.  output  has  been  obtained.  Hence, 
the  input  which  the  grid  detector  will  handle  is  limited. 

The  action  may  be  considered  briefly  as  follows:  The 
application  of  a  signal  to  the  grid  will  build  up  a  voltage 
on  the  grid' condenser  due  to  the  action  of  the  grid  as  a 
diode.  This  voltage  will  be  approximately  equal  to  the 
peak  value  of  the  signal,  i.e.  where  Vg  is  the  r.m.s. 

carrier  voltage.  Superposed  on  this  will  be  a  modulation 


96 


BADIO  COMMUNICATION 


voltage  having  a  peak  value  m  times  the  steady  voltage, 
where  m  is  the  modulation  depth.  The  anode  voltage  will 
he  obtained  by  the  usual  formula  for  the  amplification  of 
a  triode,  using  the  effective  and  for  a  value  of  bias 
corresponding  to  the  voltage  to  which  the  grid  condenser 
has  charged. 

As  the  input  signal  increases  the  bias  becomes  greater, 
and  at  a  comparatively  small  input  the  working  point  on 


Fig.  48.  Illustrating  Limiting  with  Grid  Detector 

the  characteristic  runs  off  the  linear  portion.  When  this 
happens,  anode-bend  rectification  begins  to  occur,  which 
acts  in  the  opposite  phase,  and  the  effective  anode  voltage 
is  due  to  the  sum  of  the  two  effects  acting  simultaneously. 
The  result  is  a  limiting  action  as  shown  in  Fig.  48. 

Terman  has  devised  a  simple  treatment  of  the  case.  As 
explained  later,  the  anode  impedance  to  radio  frequency  is 
made  low  to  reduce  Miller  effect.  This  in  itself  reduces  the 
permissible  anode  swing,  and  it  will  be  found  that  the 
correct  grid  bias  for  zero  load  is  appreciably  less  than  the 
value  for  the  same  valve  as  an  amplifier  with  normal  load. 
Let  this  “no-load”  bias  be  k  times  the  normal  value. 

If  E  is  the  peak  value  of  the  carrier  the  peak  modulated 
signal  across  the  grid  condenser  is  E{\  +  m)P,  where  m  is 
the  depth  of  modulation  and  /?  is  the  rectification  efficiency 
=  Ri/(Ri  +  r).  The  most  negative  signal  on  the  grid  will 
be  this  value  of  grid  condenser  voltage  plus  the  maximum 
signal  input  E(l  +  m),  i.e.  E(l  +  m)  (1  +  /?).  For  dis¬ 
tortionless  working  this  must  not  exceed  twice  the 
normal  bias  Vg,  which,  as  we  have  seen,  is  AjFqj  where  Vq  is 
the  correct  bias  for  the  valve  acting  as  an  amplifier. 
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The  maximum  permissible  peak  input  to  the  valve  as  an 
amplifier  is  (equal  to  the  grid  bias).  Hence  we  can 
write 

Maximum  carrier  input  __  h  for  100  per  cent 
Maximum  amplifier  input  1  +  ^  modulation. 

Since  k  is  usually  about  0*7  and  p  is  about  0-8,  this 
expression  is  of  the  order  of  0*4,  which  explains  the  ease 
with  which  a  grid  detector  will  overload. 

Quality  with  a  properly  adjusted  grid  detector  can  be 
quite  good  with  small  signals.  The  conditions  are  somewhat 
similar  to  those  of  a  positively-biased  diode  since  the  grid 
resistance  is  usually  returned  to  a  small  positive  voltage. 
(In  an  indirectly  heated  valve  it  is  taken  to  cathode,  but 
since  grid  current  starts  to  flow  at  about  —  1  volt  the  effect 
is  the  same.)  On  the  other  hand  the  d.c.  and  a.c.  circuits 
are  now  the  same  apart  from  the  effect  of  shunt  capaci¬ 
tances.  Generally  speaking,  therefore,  a  grid  detector  will 
handle  a  higher  depth  of  modulation  than  the  usual  diode 
circuit  will  permit. 

The  efficiency  of  rectification  with  a  grid  rectifier,  how¬ 
ever,  is  usually  lower  than  with  a  diode,  because  the  a.c. 
grid-filament  resistance  r  is  higher  due  to  the  open  spacing 
of  the  grid  and  the  presence  of  positive  potential  on  the 
anode  which  attracts  many  electrons  which  would  other¬ 
wise  stop  at  the  grid. 

Miller  Effect — Input  Admittance. 

The  feed-back  of  energy  from  anode  to  grid  of  a  valve 
was  first  analysed  by  John  M.  Miller,*  who  obtained  ex¬ 
pressions  for  the  input  admittance  of  a  valve.  (Admittance 
is  the  reciprocal  of  impedance.) 

Fig.  49  shows  the  equivalent  circuit  of  a  valve,  this 
being  a  simple  network  except  for  the  fact  that  there  is 
the  amplified  voltage  f^iCg  in  the  anode  circuit.  By  ordinary 
a.c.  theory  ij;  can  be  proved  that 

Input  resistance  Jig  —  -  Y— 

''A  sin  6 

*  Bureau  of  Standards  Bulletin^  No.  361. 
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and  input  capacitance  Cg  ==  Cgf  +  +  A  cos  0) 

where  A  is  the  efiFective  amplification  of  the  valve 
=  [Zl(r  +  iZ)]fz 

and  d  is  the  angle  by  which  the  voltage  on  the  load 
leads  the  a.c.  anode  voltage  fieg. 

Let  us  examine  these  equations  further.  The  input  capa¬ 
citance  is  obviously  always  greater  than  the  “geometric’* 
capacitance  of  the  valve,  Cgfy  while  the  input  resistance 


Fig.  49.  Equivalent  Circuit  of  Tbiode 


may  be  positive  or  negative  according  to  the  sign  of  the 
denominator  A  sin  d.  If  it  is  positive  it  means  that  extra 
damping  is  introduced  into  the  circuit.  If  negative,  the 
damping  is  reduced  and  self-oscillation  may  occur. 

If  the  anode  load  is  inductive  (at  the  frequency  under 
consideration),  6  is  positive  and  hence  the  input  resistance 
is  negative.  This  is  the  cause  of  instability  in  h.f.  amplifiers. 
Cos  0  is  fairly  small  and  Cg  is  equal  to  Cgf  plus  two  or  three 
times  Cgg. 

If  the  anode  load  is  resistive,  6  is  zero  and  the  input 
resistance  is  infinite.  This  condition  can  only  be  obtained 
by  a  tuned  anode  circuit,  and  hence  a  h.f.  stage  with  the 
circuits  dead  in  tune  is  not  unstable  at  that  frequency 
(but  it  is  at  lower  frequencies,  which  make  the  anode  load 
inductive).  Cg  would  be  very  high  since  cos  0  ==  1,  but 
the  condition  is  an  impracticable  one  and  need  not  be 
analysed  further. 

With  a  capacitative  anode  load  sin  0  is  negative  and  the 
input  resistance  is  positive,  i.e.  the  damping  is  increased. 
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Cos  6  remains  positive  (for  d  never  exceeds  -  (7r/2) )  and 
Cg  is  thus  always  more  than  Cgf,  the  limiting  value  being 
Cgf  +  Cga  when  cos  d  is  nearly  zero. 

Bypass  Condenser. 

The  application  of  these  formulae  to  h.f.  circuits  was 
discussed  in  Chapter  IV.  It  is  interesting,  however,  to 
consider  the  eflFect  in  a  detector  circuit. 

The  anode  impedance  of  a  detector  is  either  a  resistance 
or  a  (low-frequency)  inductance,  both  of  which  appear 
capacitative  at  radio  frequencies  owing  to  self- capacitance. 
The  effective  amplification  A  at  high  frequencies  will  de¬ 
pend  on  the  reactance  of  this  capacitance  load  relative  to 
the  valve,  and  if  we  are  to  keep  the  input  resistance  high  the 
value  of  A  should  be  small.  In  other  words,  the  capacitance 
should  be  large,  and  in  practice  it  pays  to  connect  a  bypass 
condenser  from  anode  to  cathode  to  ensure  that  the  valve 
shall  have  little  amplification  at  radio  frequencies. 

This  capacitance  must  not  be  large  enough  to  exercise 
any  serious  shunting  effect  on  the  audio  frequencies,  and 
a  value  of  100  to  300  {xfiF.  is  usual. 


Input  Resistance. 


The  input  resistance  of  a  detector  is  often  required  to 
be  known.  Let  us  consider  a  diode  first  of  all.  Since  it 
is  only  a  unidirectional  conductor,  special  methods  have 
to  be  adopted  to  estimate  the  input  resistance.  A  simple 
method,  also  due  to  Terman,  is  to  assume  that  the  diode 
only  conducts  on  the  peaks  of  the  signal.  The  power 
absorbed  is  then  where  is  the  peak  voltage  and 

^m«an  average  diode  (or  grid)  current. 

Vean  =  ^  where  Ri  is  the  diode  (or  grid  leak)  resis¬ 
tance  and  ^  is  the  rectification 
efficiency. 

Thus  power  absorbed  = 


But  so  that  power 


Hence  the  ejffective  input  resistance  =  RJ2p 


P  is  usually  about  0-7  to  0*8. 
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A  grid  rectifier  can  be  dealt  with  in  similar  fashion,  but 
an  additional  allowance  must  be  made  for  the  Miller  eiBfect. 
This  can  be  assessed  by  using  the  formulae  on  page  97, 
though,  if  the  detector  is  adequately  bypassed,  the  Miller 
effect  will  be  small  and  laborious  (and  possibly  fruitless) 


Fig,  50.  Showing  Effect  of  Tappin(; 

THE  Detector  Down  the  Coil 

calculation  can  be  avoided  by  adding  about  20  per  cent 
to  the  value  already  obtained. 

With  an  anode-bend  detector  the  Miller  effect  is  small 
because  of  the  very  low  slope  of  the  valve  at  the  operating 
point,  unless  the  valve  is  being  used  as  shown  in  Fig.  47. 
In  any  case,  if  the  valve  is  adequately  bypassed  the  input 
resistance  should  be  very  high,  but  if  it  has  to  be  estimated 
the  formulae  already  given  may  be  applied. 

Design  of  Input  Circuit. 

If  the  detector  load  is  serious,  as  it  is  with  a  diode  or 
grid  detector,  it  may  be  worth  while  to  consider  tapping 
down  the  input  circuit. 

It  has  already  been  shown  (page  57)  that  the  presence 
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of  a  resistance  across  a  tuned  circuit  increases  the  effective 
series  resistance.  If  the  load  is  tapped  across  part  of  the 
circuit  only,  the  extra  damping  is  reduced  by  the  square 
of  the  step-down  ratio,  while  the  voltage  actually  apphed 
to  the  diode  will  only  be  reduced  in  direct  proportion  to 
the  step-down  ratio. 

With  a  heavy  load,  therefore,  the  release  of  the  damping 
may  more  than  compensate  for  the  reduction  in  voltage 
due  to  tapping  down,  and  Fig.  50  shows  a  diode  tapped 
across  half  the  input  circuit  only. 

The  improvement  in  selectivity  is  often  still  more  valuable 
and  it  may  be  that  the  voltage  applied  to  the  diode  is 
no  greater  or  even  less  than  when  the  full  circuit  is  used, 
but  the  tap  is  still  worth  while  because  of  the  markedly 
better  selectivity. 

The  calculation  of  the  optimum  tap  is  simple.  Let  the 
load  be  tapped  across  a  point  such  that  the  step-down  ratio 
is  t.  Then  the  effective  resistance  across  the  whole  circuit 
is  P/2,  where  P  is  the  input  resistance  of  the  diode  or 
other  source  of  damping.  This  is  in  parallel  with  the 
dynamic  impedance  Z  —  LjCR  of  the  tuned  circuit.  Then 

-L  1  L 

“  Z  +  P^- 

_  J- 

-  L  + 

GliPP  +  L 

~  LPt^ 

But  Zj  =  L/CKif  where  is  the  effective  resistance 
1  CBPf  -f  L 

-  L  LPt^ 

Whence  B^==R  +  LICPtK 

It  is  not  practicable  to  work  out  a  formula  for  the  gain 
in  terms  of  as  the  expressions  become  unwieldy.  In  a 
practical  case,  knowing  L,  C,  P  and  P,  it  is  easy  to  evaluate 
R^  for  various  values  of  and  then  to  plot  the  gain 
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against  i  when  the  maximum  will  readily  be  found.  The 
curve  of  Fig.  50  illustrates  the  type  of  variation  obtained 
with  a  circuit  having  the  constants  shown.  It  will  be  seen 
that  unless  the  load  is  very  heavy  or  the  circuit  very  good 
the  increase  in  gain  is  small,  the  increased  selectivity  being 
the  determining  factor. 

Screen-grid  Detectors. 

The  tetrode  or  screened  pentode  makes  a  good  detector, 
owing  to  the  high  amplification  factor  and  very  small 


Miller  effect,  but  it  is  essential  to  use  resistance  coupling 
owing  to  the  high  internal  resistance  of  the  valve.  Other¬ 
wise  a  very  large  transformer  would  be  required  to  provide 
a  reactance  comparable  with  that  of  the  valve  at  anything 
like  a  low  frequency.  The  usual  resistance  is  of  the  order 
of  100  000  ohms  with  a  grid  detector,  and  0-25  or  0-5  megohm 
with  anode-bend  detector. 

With  a.c.  valves  a  self- bias  arrangement  can  be  used, 
and  this  automatically  adjusts  itself  to  a  good  rectifying 
condition.  Satisfactory  and  reasonably  distortionless  recti¬ 
fication  of  high  sensitivity  can  be  obtained  because  the 
increase  in  anode  current  due  to  the  rectifying  action  causes 
an  increase  in  bias  which  limits  the  current.  Hence,  the 
usual  square-law  characteristic  is  not  obtained,  the  output 
being  practically  linear  as  shown  in  Fig.  52. 

Miller  elBFect  is,  of  course,  practically  non-existent  owing 
to  the  screening  in  the  valve,  and  hence  little  power  is 
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drawn  in  the  operation  of  the  detector.  An  input  voltage 
of  0*025  volts  is  capable  of  developing  to  10  volts  l.f.  in 
the  anode  circuit  with  full  modulation.  The  screen  should 
be  fed  through  a  series  resistance,  as  in  Fig.  51,  which 
enables  the  voltage  to  adjust  itself  to  the  optimum.  With 
a  potentiometer  feed  the  setting  is  very  critical. 

Automatic  Volume  Control. 

It  is  convenient  at  this  point  to  discuss  methods  of 
automatic  volume  control.  Due  to  the  fading  which  is 


Fig.  52.  Illustrating  Linear  Action  Obtained 
WITH  Self-biased  Detector 

experienced  on  foreign  stations,  the  strength  may  vary 
from  minute  to  minute  in  a  disconcerting  manner.  This 
may  be  minimized  by  adjusting  the  amplification  of  the 
h.f.  (or  i.f.)  stages  in  accordance  with  the  voltage  developed 
at  the  detector.  The  high-frequency  carrier  should,  of 
course,  remain  constant,  irrespective  of  the  low-frequency 
modulation,  and  if  it  does  not  do  so  then  some  compensa¬ 
tion  may  be  provided. 

Fig.  53  shows  a  typical  diode  a.v.c.  circuit.  Across  the 
diode  resistance  is  developed  a  steady  voltage  proportional 
to  the  mean  value  of  the  carrier,  and  low-frequency  varia¬ 
tions  are  superposed  on  this  mean  value.  The  l.f.  voltages 
are  transferred  to  the  valves  following  the  rectifier,  and 
the  d.c.  potential  is  used  to  control  the  amplification  of 
the  h.f.  stages  which  are  provided  with  vari-mu  valves. 

If  the  carrier  voltage  at  the  detector  increases,  the  steady 
voltage  across  the  diode  resistance  also  increases.  This  will 
be  seen  from  the  figure  to  provide  a  negative  voltage  at 
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the  point  X,  and  this  point  therefore  is  connected  back 
to  the  grids  of  the  h.f.  valves.  Hence,  the  grid  bias  on  these 
valves  increases,  causing  a  reduced  amplification,  and  this 
checks  the  increase  in  the  carrier  at  the  detector. 


A  complete  levelling  out  of  the  characteristic  cannot  be 
obtained  because  the  detector  voltage  must  increase  slightly 
in  order  to  produce  the  necessary  control  voltage.  The 


larger  the  number  h.f.  or  i.f.  stages  in  front  of  the  detector, 
however,  the  more  sensitive  is  the  control  and  with  com¬ 
mercial  receiving  circuits  a  large  number  of  stages  is  used 
for  this  reason. 

Sometimes  it  is  practicable  to  include  a  vari-mu  low- 
frequency  stage  following  the  detector  and  to  control  this 
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as  well,  and  if  this  is  done  variations  in  the  input  of  over 
10  000  to  1  will  cause  no  appreciable  change  in  the  output. 
It  must  be  remembered  that  this  device  only  operates  on 
the  carrier  and  is  neither  affected  by,  nor  does  it  affect, 
the  low-fre(picncy  modulation. 

Delayed  A.V.C. 

In  some  cases  it  is  desirable  to  arrange  that  the  auto¬ 
matic  volume  control  docs  not  come  into  operation  until 
a  certain  minimum  strength  of  signal  has  been  reached. 
This  is  accjoniplished  by  using  two  diodes,  one  of  which 
provides  the  signal  frequency  voltages  and  the  other,  which 
is  tied  in  parallel  with  the  first,  provides  the  a.v.c.  voltage. 

This  second  diode,  however,  is  provided  with  a  small 
permanent  negative  voltage  so  that  rectification  does  not 
take  place  until  the  peak  value  of  the  applied  signal  has 
exceeded  this  delay  voltage.  Fig.  54  shows  a  circuit  of 
this  type.  The  operation  is  othtTwivse  the  same  as  already 
described.  It  should  he  noted  that  in  order  to  filter  out 
any  radio-frequency  variations  from  being  fed  back  to  the 

h. f.  stages,  a  decoupling  circuit  is  included  consisting  of 
a  high  resistance — usually  one  megohm — and  a  fairly  large 
condenser  of  about  01  /iF,  or  more.  This  has  no  effect  on 
the  d.c.,  but  it  filters  out  any  radio-frequency  currents. 

It  is  important  that  the  time  constant  of  the  a.v.c.  and 
decoupling  circuits  should  not  be  too  large.  Otherwise  there 
is  an  appreciable  time  lag  between  the  variations  in  the 
carrier  and  the  correcting  action.  Sudden  variations  in 
strength,  such  as  are  obtained  when  tuning  in,  may 
momentarily  paralyse  the  receiver  because  a  high  voltage  is 
built  up  on  the  condensers  which  takes  an  appreciable  time 
to  leak  away. 

Amplified  A.V.C. 

The  aim  of  the  designer  is  to  obtain  a  good  control  ratio, 

i. e.  a  large  control  voltage  for  a  small  change  in  signal 
strength.  To  some  extent,  delayed  a.v.c.  automatically 
provides  an'  improvement,  as  the  curves  in  Fig.  55  show. 

The  full  curve  represents  the  output  voltage  in  terms  of 
input,  without  a.v.c.  If  plain  a.v.c.  is  used,  this  becomes 
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operative  at  onc*e  and  cannot  therefore  be  allowed  to  be  too 
fierce  in  its  operation  or  the  output  would  never  reach  its 
normal  value.  The  chain  dotted  curve  shows  a  typical 
performance  T\ithout  delay.  It  will  be  noted  that  the  gain 
on  weak  signals  is  appreciably  reduced. 

The  third  curve  shows  delayed  a.v.c.  which  does  not 
operate  until  the  output  is  nearly  up  to  the  full  amount 
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Fig.  55.  Showing  the  Effect  of  Automatic  Volume 
Control  on  Receiver  Output 

and  then  comes  into  play  with  full  action,  giving  an  almost 
level  output  and  a  much  better  control  ratio. 

It  may  be  that  the  voltage  at  the  detector  which  dehvers 
full  output  is  insufficient  to  give  a  sharp  enough  control. 
Thus  with  a  delayed  system  requiring  5  volts  radio  fre¬ 
quency  to  load  the  detector,  we  should  use,  say,  4  volts 
delay.  This  gives  only  1  volt  to  provide  a.v.c.  which  is 
quite  inadequate  and  actually  on  strong  signals  some  over¬ 
loading  would  be  inevitable. 

Various  forms  of  amplified  a.v.c.  have  therefore  been 
devised,  in  which  the  a.v.c.  voltage  is  apphed  to  a  d.c. 
amplifier  which  develops  an  adequate  output.  The  systems 
are  fairly  simple  if  a  separate  valve  can  be  used.  In  broad¬ 
cast  receivers  this  cannot  usually  be  permitted  and  such 
single-valve  systems  as  have  been  used  have  proved  rather 
tricky. 

A  partial  improvement  can  be  obtained  by  feeding  the 
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a.v.c.  from  the  anode  of  the  valve  preceding  the  detector, 
whereas  the  signal  diode  comes  off  the  secondary  where, 
as  explained  in  Chapter  V,  the  voltage  is  reduced  by  one- 
half.  The  a.v.c.  voltage  developed  is  thus  twice  as  great. 

In  commercial  practice  a  separate  i.f.  amplifier  is  used 
for  the  a.v.c.,  supplied  from  some  point  subsequent  to  the 
frequency  changer.  This  amplifier  is  not  controlled  by  the 
a.v.c,,  so  that  the  full  increase  of  signal  is  allowed  to  develop 
a.v.c.  voltage.  With  the  normal  system,  of  course,  as 
already  explained,  the  action  of  the  a.v.c.  automatically 
cuts  down  the  source  of  the  a.v.c.  voltage  itself,  so  that  it  is 
impossible  to  obtain  a  truly  level  characteristic. 

Quiet  A.V.C. 

As  a  development  of  this  system  the  circuit  is  sometimes 
arranged  to  give  no  audible  output  until  the  carrier  reaches 
a  predetermined  value.  One  method  is  to  over-bias  the 
output  valve  and  allow  the  a.v.c.  circuit  to  ‘‘knock  off” 
this  bias  when  the  carrier  voltage  exceeds  the  delay  voltage. 
The  system  is  sometimes  called  “squelching  ”  or  ‘‘muting.” 

Another  method  is  to  put  negative  bias  on  the  signal 
diode  so  that  it  normally  does  not  operate.  The  a.v.c.  diode, 
however,  is  left  operating  normally  with  a  small  delay  if 
necessary.  On  the  arrival  of  a  signal  sufficiently  strong 
to  operate  the  a.v.c.,  the  signal  diode  is  released  and  the 
circuit  functions  normally. 

The  release  of  the  signal  diode  (or  the  I.f.  stages)  may 
be  accomplished  by  suitable  circuit  arrangements  of  the 
normal  network,  but  it  is  more  usual  to  employ  a  separate 
muting  valve  for  the  purpose.  Fig.  56  shows  such  a  circuit. 
Fi  is  a  double-diode-triode,  the  ffist  diode  being  used  for 
a.v.c.  and  therefore  made  negative  to  the  cathode  by  the 
drop  in  the  resistor  which  is  providing  bias  for  the  triode 
section  of  the  valve  in  the  usual  way. 

The  second  (signal)  diode  is  coupled  through  a  0*0001  fiF. 
condenser  to  isolate  it  from  the  first  as  regards  d.c.  potential 
but  the  leak  in  this  case  is  returned  to  full  negative  so 
that  it  is  negative  to  the  cathode  of  Fj  by  the  voltage 
drops  on  R^  and  R^-  F2  is  a  high-current  high-slope  valve. 
As  soon  as  the  a.v.c.  diode  operates,  negative  potential 
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is  applied  to  the  grid  of  Fg.  The  anode  current  rapidly 
decreases,  knocking  off  the  bias  on  the  signal  diode  which 
thus  comes  into  operation. 

There  are  numerous  alternative  muting  circuits,  the 
general  principle  being  the  same.  In  all  cases  there  is  a 


Fit»  56.  Mpting  Cibct  it  ron  Intekstation 
Noise  Suppression 


point  where  the  signal  is  only  just  able  to  release  the  squelch 
and  distortion  ensues.  The  aim  of  the  designer  is  to  make 
this  transition  very  sharp  so  that  no  distortion  occurs  on 
any  station  having  sufficient  strength  to  be  of  programme 
value. 

There  are  numerous  variants  of  these  basic  jirinciples  in 
practical  use  to-day,  but  space  does  not  ])ermit  a  more 
detailed  consideration  of  tlie  subject. 

Tuning  Indicators. 

In  a  receiver  fitted  with  automatic  volume  control,  the 
strength  of  the  signal  does  not  vary  appreciably  as  the 
station  is  tuned  in.  This  is  because  the  normal  increase 
in  strength  as  the  tuning  point  is  approached  is  counter¬ 
acted  by  the  automatic  volume  control  coming  into  opera¬ 
tion.  It  is,  therefore,  possible  for  an  inexpert  user  to  adjust 
the  receiver  quite  incorrectly,  to  avoid  which  tuning  indi¬ 
cators  are  often  employed.  These  consist  of  a  meter  or 
other  indicating  device  which  is  included  in  the  anode 
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circuit  of  the  controlled  valves  or  otherwise  connected 
thereto.  As  the  bias  on  the  h.f.  valves  is  run  back  the 
anode  current  decreases,  and  at  the  point  where  the  carrier 
is  a  maximum  (i.e.  at  the  tuning  point)  the  anode  current 
reaches  its  lowest  value.  Hence,  a  meter  in  the  anode 


Discriminator  Control  lialtre  Oscillator 

Fig.  57.  Discriminator  Circuit  for  Obtaining 
Automatic  Frequency  Control 


circuit  would  indicate  quite  definitely  the  exact  tuning  point, 
and  devices  of  this  nature  are  used  quite  appreciably. 

Automatic  Frequency  Control. 

A  development  of  some  importance  is  the  appUcation  of 
a.v.c.  to  control  the  tuning  of  a  receiver.  The  system  is 
principally  applied  to  superheterodyne  receivers  where  the 
fine  control  of  the  tuning  is  a  function  of  one  circuit — the 
oscillator.  If  the  frequency  of  this  circuit  can  be  auto¬ 
matically  adjusted  to  give  cwrect  tuning  the  effects  of 
shghtly  incorrect  setting  and,  more  important,  frequency 
drift  can  be  largely  counteracted.  The  method  is  known  as 
a.f.c.  (automatic  frequency  control)  or  a.t.c.  (automatic 
tuning  control). 

This  result  is  accomplished  in  the  first  place  by  using  a 
discriminator  circuit  as  shown  on  the  left  of  Fig.  57.  Two 
i.f.  transformers  are  used,  sharply  tuned  to  peak  a  few  kc./s 
above  and  below  the  true  tuning  point.  If  the  oscillator 
setting  is -correct  so  that  the  intermediate  frequency  gener¬ 
ated  lies  accurately  in  between  these  two  tunes,  both 
and  To,  will  develop  the  same  voltage,  each  being  partially 
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off  tune.  The  currents  in  the  diode  loads  Ri  and  will  be 
equal  and  opposite  and  will  offset  one  another,  and  no 
“control”  voltage  will  be  developed. 

If  the  oscillator  now  drifts  causing  the  i.f.  to  rise,  the 
higher  tuned  transformer,  say  will  develop  more  voltage, 
while  jTg  will  develop  less.  Consequently  will  develop 
more  voltage  than  R2  and  there  will  be  a  resultant  voltage 
applied  to  the  control  valve.  If  the  oscillator  drifts  in  the 
opposite  direction,  a  similar  but  opposite  control  voltage 
will  be  produced. 

Now  this  control  voltage  may  b('  utiHzed  in  various 
ways.  The  most  usual  is  to  employ  the  Miller  effect  of  a 
valve  which  depends  on  the  effective  amplification.  In 
Fig.  57  the  control  is  applied  to  the  suppressor  grid  which 
is  an  effective  method  of  altering  the  gain.  A  positive  con¬ 
trol  voltage  will  cause  the  gain  to  increase,  while  a  negative 
voltage  will  cause  a  decrease.  The  effective  grid-cathode 
capacitance  of  the  valve  will  change  a(‘(*ordingly,  and  as 
this  is  in  parallel  with  the  oscillator  tuning  circuit  the 
oscillator  frequency  will  be  modified  in  such  a  direction 
as  to  counteract  the  drift.  The  effective  gain  of  the  control 
valve  must  be  arranged,  by  suitable  choice  of  anode  load, 
to  produce  this  result . 

An  inverted  Miller  effect  may  be  used,  by  inserting  suit¬ 
able  phasing  networks  between  anode,  grid  and  cathode 
whereby  the  effective  anode  impedance  may  be  made 
equivalent  to  an  inductance  or  capacitance,  dependent  in 
either  case  on  the  gain  of  the  valve.  Still  another  method 
is  to  apply  the  control  to  the  grid  and  rely  on  the  changing 
a.c.  resistance  of  the  valve  to  dam})  the  oscillator  circuit 
to  a  variable  extent,  which  again  alters  the  frequency  sinc'e 
the  tune  of  a  parallel  resonant  circuit  is  dependent  on  its 
effective  resistance.  For  any  of  these  last  three  arrange¬ 
ments  the  anode  circuit  of  the  valve  is  connected  across  the 
oscillator  circuit. 

There  are  various  possible  arrangements  having  different 
degrees  of  effectiveness,  which  need  not  be  discussed  in 
detail.  The  reader  who  desires  further  information  should 
refer  to  an  article  entitled  “A.T.C.  systems,”  Wireless 
World,  19th  Feb.,  1937. 
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L.F.  Volume  Control. 

The  adjustment  of  the  h.f.  amplification  prior  to  the 
detector  has  already  been  dealt  with.  It  may  still  be,  and 
often  is,  desirable  to  alter  the  subsequent  amplification 
in  the  same  way.  This  can  conveniently  be  done  imme¬ 
diately  following  the  detector  by  using  only  a  portion  of 
the  voltage  developed  across  the  detector  resistance.  The 
diode  resistance  in  Fig.  53,  for  instance,  is  shown  as  a 
potentiometer,  only  a  portion  of  the  full  low-frequency 
voltage  developed  across  the  resistance  being  applied  to 
the  succeeding  stages. 

Alternative  positions  for  potentiometers  are  as  grid  leaks 
in  resistance-coupled  stages,  or  as  a  voltage-regulating 
arrangement  connected  across  the  secondary  of  a  low- 
frequency  transformer.  The  resistance  element  is  usually 
made  of  composition  where  very  high  resistances  are 
required,  while  for  lower  values  up  to  about  100  000  ohms 
a  wire- wound  resistance  track  may  be  employed. 

EXAMPLES  VI 

(1)  A  signal  of  4  volts  h.f.  is  applied  across  the  diode 
circuit  of  Fig.  43.  Calculate  the  approximate  voltage 
developed  across  the  condenser. 

If  the  signal  is  modulated  with  a  steady  note  to  a  depth 
of  30  per  cent,  what  will  be  the  l.f.  voltage  component? 

(2)  The  amplification  factor  and  internal  resistance  of 
a  grid  detector  are  as  shown  below.  Calculate  the  approxi¬ 
mate  l.f,  voltage  developed  across  an  anode  load  of 
20  000  ohms  by  a  signal  of  1  volt  h  f .  modulated  30  per  cent. 

_  1  _  i-:,  -  2 

20  U  10 

15  000  18  000  23  000 


Grid  bias 

fi 


CHAPTER  VII 

THE  RADIO  RECEIVER 

(d)  The  Low-frequency  Amplifier 

The  design  of  a  satisfactory  l.f.  amplifier  divides  itself  into 
three  main  headings,  namely — 

(1)  Choice  of  suitable  coupling  impedances. 

(2)  Choice  of  suitable  valve. 

(3)  Elimination  of  reaction  effects. 

The  choice  of  coupling  impedance  depends  upon  the 
requirements.  Where  a  single  frequency  is  to  be  amplified, 
as  in  the  case  of  certain  telegraphic  signals,  it  is  possible 
to  use  coupling  impedances  having  a  high  response  over 
a  narrow  band  of  frequency,  and  even  to  use  a  tuned 
l.f.  inductance  or  transformer. 

For  broadcasting  or  telephony  reception,  a  range  of 
frequencies  has  to  be  covered  and  the  conditions  are  more 
stringent.  Transformer  (‘oupling  may  still  be  used,  the 
transformers  become  increasingly  expensive  as  the  fre¬ 
quency  requirements  become  greater,  but  for  high  fidelity, 
resistance  coupling  is  preferable. 

For  the  amplification  of  frequencies  above  or  below  the 
usual  musical  range  resistance  coupling  becomes  essential. 
Direct  coupling  (referred  to  later)  can  also  be  employed, 
but  it  is  neither  so  convenient  nor  so  stable. 

Resistance  Coupling. 

A  resistance-coupled  circuit  is  shown  in  Fig.  58,  together 
with  the  equivalent  circuit  and  vector  diagram.  The 
amplification  is  limited  at  low  and  high  frequencies,  the 
former  by  the  effect  of  the  coupling  condenser  C  and  the 
latter  by  the  stray  capacitance  shunted  across  the 
circuits  and  shown  for  convenience  as  all  located  across  R. 

It  is  possible  to  devise  a  mathematical  expression  for 
the  gain  taking  both  these  factors  into  account,  but  it  is 
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simpler  and  more  conducive  to  clear  understanding  to 
separate  the  effects.  We  will  first  consider  the  gain  at 
a  middle  frequency  such  that  the  reactance  of  (7^  is  negli¬ 
gibly  high  by  comparison  with  E  and  the  reactance  of  C 
negligibly  low  compared  with 

Then  the  valve  voltage  fiCg  passes  current  through  r 
in  series  with  E  and  E^  in  parallel.  The  voltage  transferred 
to  the  next  stage  is  that  across  E^,  so  that  the  gain  is 

PjbiKP  +  r)  where  P  =  EEJ(E  Pi) 

It  must  always  be  remembered  that  the  presence  of  a 
high  resistance  in  the  anode  circuit  will  reduce  the  anode 


Fio.  58.  Skeleton  Kesistance-coupled  Stage 
WITH  Kcc^uivalent  Cihcuit 


voltage,  and  if  the  h.t.  supply  has  not  been  increased 
accordingly,  ma}^  be  much  less  than  the  nominal  value. 

In  order  to  obtain  maximum  gain  E^  is  usually  made 
four  or  five  times  P,  so  that  P  —  E  very  nearly. 

At  low  frequencies  the  reactance  of  C  is  not  negligible 
and  the  voltage  V  is  thus  only  a  part  of  the  voltage  devel¬ 
oped  If  i  is  the  current  through  CE^,  the  proportion 
of  Vo  developed  across  is 

Pi  Pi 

(Pi  +  lljCco)  -  v(Pi"  +  l/C'W) 

It  is  easy  to  calculate  the  relative  values  of  C  and  Pi  to 
make  F/F^  a  given  percentage,  and  a  criterion  often  quoted 
is  for  the  product  CPi  to  be  0-0065  which  makes  F/F^  =  0-9 
at  50  cycles.  (It  will  be  clear  that  the  fundamental  require¬ 
ment  is  that  the  reactance  of  C  shall  be  low  compared 
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with  Ri  and  so  we  can  either  increase  C  or  Thus  it 
is  the  product  of  the  two  which  is  important.) 

Phase  Angle. 

This  criterion  is  by  no  means  adequate  for  high  quahty 
amplification,  particularly  where  several  stages  are  in  use. 
The  loss  in  each  stage  is  cumulative,  so  that  with  three 
stages  VI  Vo  would  only  be  0*73. 

A  still  more  serious  defect,  however,  is  the  change  of 
phase  which  occurs,  for  the  current  i,  and  hence  the  voltage 
Vi  is  by  no  means  in  phase  with  Vo  but  leads  by  an  angle 
tan“"^  (lIRCo)),  as  will  be  clear  from  Fig.  58.  If  CR  =  0*0065 
this  angle  is  25*8  degrees,  and  three  stages  would  give  a 
lead  of  77*4  degrees ! 

There  are  circuits  where  this  is  unimportant.  It  is  stated 
by  some  authorities  that  the  relative  phase  of  the  com¬ 
ponent  frequencies  in  a  musical  transmission  does  not 
materially  affect  the  result  as  heard  by  the  ear,  provided 
the  amplitude  of  the  components  is  correct,  but  this  ob¬ 
viously  must  not  be  carried  too  far,  while  there  are  many 
circuits  in  which  correct  phase  relationship  is  of  vital 
importance.  In  such  circumstances  the  product  CR  must 
be  increased  to  reduce  the  phase  angle  to  the  required  value. 

High  Frequency  Loss. 

At  the  upper  frequencies  the  capacitance  Co  becomes 
troublesome  and  shunts  R.  The  amplification  is  then 
reduced  by  the  lowering  of  the  effective  impedance.  R 
and  Co  in  parallel  provide  an  impedance  Z  =  Rj {I  jRCoCo) 
and  the  gain  is  juZKr  +  Z)  taking  due  account  of  the 
vectorial  nature  of  Z.  Under  given  conditions  of  Co  and  a>, 
the  value  of  R  necessary  to  maintain,  say,  90  per  cent  of  the 
full  amplification  can  be  readily  determined.  [The  higher 
CO  or  Co  the  less  R  must  be  and  this  soon  limits  the  effective¬ 
ness  of  the  circuit.]  Cq  includes  the  anode-cathode  capaci¬ 
tance  of  the  valve  in  question,  the  stray  circuit  capacitances, 
and  the  input  capacitance  of  the  succeeding  valve.  This  latter 
capacitance  may  entirely  swamp  the  previous  ones  for  the 
input  capacitance  of  a  valve  is  not  merely  its  static  or 
geometric  capacitance  but  is  increased  by  the  Miller  effect. 
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Miller  ESect>-Use  of  Screened  Valves. 

From  the  formula  quoted  in  the  last  chapter  the  input 
capacitance  Cg  =  +  Cga(l  +  A  cos  6).  Assuming  an 

effective  gain  A  of  15  and  cos  6  =  0-8,  Cgf  and  Cgg  =  Ifi/LiF. 
each,  we  have  (7^  =  7  +  7(1  +  12)  =  9S fjLfiV.,  a  value 
which  would  seriously  shunt  any  resistance  above  a  few 
thousand  ohms  at  5  000  or  more  cycles  per  sec. 

Hence,  if  effective  amplification  of  the  upper  frequencies 
is  to  be  maintained,  R  must  be  kept  low,  which  means 
a  limited  gain  per  stage.  A  remedy  is  to  use  screen-grid 
or  pentode  valves  which  have  grid-anode  capacitances  of 
0*001  //F.  or  less.  Miller  effect  with  such  valves  is  negligible, 
but  the  static  capacitance  Cgf  still  remains,  plus  the  anode- 
cathode  capacitance  of  the  preceding  valve  and  the  stray 
capacitances. 

The  capacitance,  indeed,  is  still  of  the  order  of  30  /xjulF. 
unless  special  valves  are  used  so  that  the  anode  resistance 
cannot  greatly  exceed  100  000  ohms.  Even  so,  however, 
the  use  of  a  screened  valve  is  worth  while,  for  the  effective 
gain  is  roughly  gR  (since  R  is  small  compared  with  r  as 
explained  in  Chapter  IV)  so  that  with  a  gr  of  2  under  working 
conditions  a  stage  gain  of  200  is  practicable  over  the  audio¬ 
frequency  range. 

Where  still  higher  frequencies  have  to  be  handled  the 
gain  must  once  more  be  limited,  as  explained  in  Chapter  XV. 

High  Frequency  Phase  Displacement. 

Phase  shift  occurs  at  high  frequency  as  well  as  at  low 
frequencies  for  a  similar  reason.  The  presence  of  Cg  across 


^0 

Fig.  59.  Vector  Diagram  of  Fig.  58  Circuit  at  High 
Frequencies 

R  results  in  a  lag,  as  will  be  seen  from  Fig.  59.  The  current 
through  R  is  in  phase  with  Fp.  The  total  current  through 
R  and  Cg  in  parallel,  however,  leads  on  Vg  as  shown  and 
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this  is  the  current  supplied  by  the  valve.  Hence,  Vg  leads 
on  by  an  angle  tan~^  RGgO),  giving  a  phase  shift 


Fio.  60.  Loss  OF  High 
Frequencies  in  a  Rests- 

TANCE -COUPLED  AMPLIFIER 


which  increases  with  RiGg  and  co. 

Once  again  the  effect  is  cumu¬ 
lative  and  if  the  phase  shift  at 
the  end  of  an  ri-stage  amplifier 
is  not  to  exceed  a  degrees,  the 
phase  shift  per  stage,  6,  must  not 
exceed  a/7i.  This  angle  0  is  the 
phase  shift  in  the  Miller  effect 
formulae  already  quoted. 

It  is  possible  to  maintain  the 
upper  frequencies  up  to  a  point 
by  including  a  choke  in  series 
with  the  resistance  as  shown  in 
Fig.  60.  Tins  maintains  a  high 


MAY  BE  Minimized  by 
Using  an  Inductance  in 
Series  with  the  Resis¬ 
tance 


effective  anode  impedance  at  the 
upper  frequencies.  Owing  to 
the  high  resistance  the  ordinary 
resonance  formulae  do  •  not 


apply.  For  further  information  the  reader  is  referred  to  a 
paper  by  G.  O.  Robinson  entitled  '‘Television  Receiving 
Circuits,”  Proc,  I.R.E.,  June,  1933. 


Direct  Coupling. 

Where  very  low  frequencies  are  required,  a  direct-coupled 
amplifier  may  be  used.  Here  the  anode  of  the  first  valve  is 


Fig.  61.  Direct-coupled  Amplifier 


connected  direct  to  the  grid  of  the  second  as  shown  in 
Fig.  61.  To  avoid  the  heavy  positive  grid  voltage  which 
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would  normally  result  from  such  a  connection  the  cathode 
of  the  valve  is  also  raised  to  a  positive  potential — actually 
to  such  a  value  that  the  grid  is  effectively  negative  to  the 
cathode  by  the  normal  grid-bias  potential. 

The  valves  must,  of  course,  be  of  the  indirectly-heated 
type  or,  alternatively,  sejiarate  filament  batteries  must  be 
used.  Fig.  61  shows  the  various  connections  all  tapped  off 
a  potentiometer  across  the  h.t.  supply.  The  cathode  of 
F2  is  connected  to  C,  which  is  lower  in  potential  than  B. 
The  potential  of  the  anode  however,  is  also  lower  than 


B  by  the  amount  of  the  voltage  drop  on  E,  so  that  by 
correct  location  of  C  the  necessary  conditions  are  fulfilled. 

A  direct- coupled  amplifier  will  respond  to  frequencies 
down  to  zero  (d.c.),  but  it  suffers  from  the  same  disad¬ 
vantages  as  the  ordinary  resistance -coupled  amplifier  at 
the  high  frequencies.  It  is  also  liable  to  drift,  since  small 
changes  of  current  through  the  network  may  upset  the 
somewhat  delicate  balance  of  the  voltages. 

An  alternative  form  of  direct  coujiled  amplifier  is  sho%vn 
in  Fig.  62.  Here  the  voltage  developed  at  the  anode  of  is 
applied  across  a  pair  of  resistances  i?i  and  Eo,  the  bottom 
end  of  which  is  connected  to  a  point  of  negative  potential. 
By  suitable  clioice  of  E^  and  /?.»,  therefore,  the  })otential 
of  the  point  A  may  be  made  slightly  negative  vith  respect 
to  the  cathode  of  Fg. 

The  signal  voltage  is  divided  in  the  ratio  EJ(E^  +  E2) 
so  that  there  is  appreciable  loss  of  gain,  but  it  is  usually 
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easy  to  obtain  more  gain  from  the  valve  than  is  actually 
needed.  The  method  has  the  advantage  that  all  the  cath¬ 
odes  may  be  at  the  same  potential  (and  all  earthy). 


L.F.  Transformers. 

Transformer  coupling  is  used  in  the  simpler  types  of 
circuit,  usually  following  triode  valves.  Amplification  of 


Fig.  63.  Equivalent  Circuit  of  Low-frequency 
Transformer 


the  bass  frequencies  is  here  dependent  on  maintaining  a 
high  effective  primary  impedance  relative  to  the  valve 
resistance.  This  involves  using  a  transformer  with  a  high 
inductance  obtained  either  by  using  a  large  iron  circuit 
(bo  that  the  saturation  introduced  by  the  heavy  anode 
current  shall  not  be  serious)  or  a  high  permeability  material 
with  a  parallel  feed  circuit.  (See  Volume  I,  Chapter  XIX.) 

The  upper  frequencies  with  a  transformer  are  entirely 
limited  by  the  self- capacitance  in  the  circuit,  including  the 
effective  grid-cathode  capacitance  of  the  succeeding  valve. 
By  proper  design  a  resonant  effect  may  again  be  called 
into  play  to  assist  in  maintaining  a  good  response  curve. 

The  ordinary  transformer  possesses  appreciable  leakage 
inductance,  the  magnetic  field  of  the  primary  being  incom¬ 
pletely  linked  with  the  secondary.  This  may  be  represented 
by  showing  a  perfect  transformer  in  series  with  a  small 
leakage  inductance  to  represent  that  portion  of  the  mag¬ 
netic  flux  which  does  not  link  with  the  secondary. 

By  ordinary  transformer  laws  the  quantities  may  all  be 
referred  to  the  primary,  in  which  case  we  can'  represent  the 
transformer  itself  by  a  simple  choke. 

The  equivalent  circuit  of  a  transformer,  therefore,  is 
as  shown  in  Fig.  63,  and  it  will  be  seen  that  there  are  two 


THE  BADIO  BECBIVER 


119 


possibilities  of  resonance.  The  first  of  these  occurs  between 
the  main  primary  inductance  L  and  the  self- capacitance  C 
in  the  circuit,  and  is  usually  arranged  to  fall  between  50 
and  100  c/s  per  sec.  in  order  to  maintain  good  bass 


response.  The  second  is  be¬ 
tween  the  leakage  inductance 
I  and  the  self- capacitance  C 
which  occurs  at  a  high  fre¬ 
quency,  under  which  con¬ 
ditions  the  primary  inductance 
acts  as  an  infinite  impedance 
and  may  be  ignored.  By 
suitable  design  of  the  leakage 
inductance  this  second  reson- 


Fig.  64.  Auto-transformer 
Arrangement 


ance  can  be  made  to  occur 


between  5  000  and  10  000  C/S  and  thus  to  maintain  the 
amplification  of  the  upper  frequencies. 

Correct  design  such  as  this  is  an  expensive  matter  and 
the  cheaper  makes  of  transformer  are  much  inferior  in 
their  performance,  but  good  amplification  with  transformer 
coupling  can  be  obtained  up  to  10  000  o/s  per  sec. 
Auto- transformer  couplings  are  quite  frequently  used  com¬ 
bined  with  parallel  feed  circuits  and  high  permeability  iron, 
a  typical  arrangement  being  shown  in  Fig.  64.  The  capa¬ 
citance  C  is  arranged  to  resonate  with  the  tapped  portion 
of  L  to  give  resonance  around  100  C/S,  and  from  the 
ordinary  laws  of  resonance  it  will  be  clear  that  the  voltage 
across  Lj  can  exceed  the  input  voltage  supplied  by  the  valve, 
giving  a  definite  rise  in  the  amplification.  The  dotted  curve 
of  Fig.  65  shows  the  effect  without  the  resonance. 


Cathode  Bias. 

The  circuit  of  Fig.  64  shows  the  bias  obtained  from  a 
resistor  in  the  cathode  of  the  valves.  The  anode  current 
flowing  through  this  resistor  causes  a  voltage  drop  which 
makes  the  cathode  positive  to  HT—  by  a  small  amount.  By 
returning  the  grid  circuit  to  HT— ,  therefore,  the  grid  is 
effectively  biased  negative  by  the  same  amount. 

It  is  important  that  this  bias  resistor  be  properly  by¬ 
passed.  If  there  is  no  bypass  condenser  the  a.c.  anode 

5— (T-5419) 
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currents  due  to  the  signal  flowing  through  the  cathode 
resistor  introduce  a.c.  voltages  in  the  grid  circuit  in 
opposition  to  the  applied  voltage.  This  voltage  will  be 
-)  where  2;  is  the  normal  anode  load, 
is  the  a.c.  resistance  of  the  valve  and  is  the  cathode 
resistance.  If  +  2  happens  to  be  fairly  low  this  negative 
feed  back  will  be  appreciable,  and  will  cause  serious  loss 
of  gain.  It  is  sometimes  deliberately  introduced,  as 
explained  later,  but  generally  speaking  the  bias  resistor  must 


Fig.  65.  Illustrating  Bass  Resonance  Effect  in 
Auto -COUPLED  Transformers 

be  by-passed  with  a  condenser  which  presents  a  neghgible 
impedance  at  the  lowest  frequency  to  be  handled. 

Inadequate  by-passing  is  a  fruitful  c4use  of  loss  of  the 
lower  frequencies  in  an  amplifier,  and  if  really  low  fre¬ 
quencies  are  to  be  handled  the  method  camiot  be  used. 

L.F.  Compensation. 

This  loss  of  gain  at  low  frequencies  may  be  eompensated 
by  use  of  arrangement  due  io  Edwards  &  Cherry,  illus¬ 
trated  in  its  simplest  form  in  Fig.  (it).  Here  an  additional 
resistance  is  included  in  the  anode,  by-passed  with  a  con¬ 
denser  as  with  a  normal  decoupling  circaiit. 

At  low  frequencies  the  by -passing  of  6^  becomes  ineffective 
so  that  the  anode  impedance  rises  and  the  gain  of  the  stage 
tends  to  increase.  If  these  two  effects  can  be  made  to  com¬ 
pensate  each  other  the  result  should  be  a  uniform  stage 
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gain  down  to  zero  frequency.  Edwards  &  Cherry  {Journal 
I.E.E.,  1940,  vol.  87,  p.  178)  show  that  this  can  be  achieved 

by 


(а)  Making  tlie  gain  with  and  C 
the  gain  with  and  infinite. 

(б)  Making  ZJZ.^  =  )i  ((,  +  j/rj. 
This  second  condition  is  to  ensure  a 

sniootli  transition  ))etveen  the  two 
states  in  (a),  ami  as  this  depends  upon 
valve  constants  the  results  are  some¬ 
what  variable.  With  triodes,  also,  the 
values  are  inconvenient ,  but  the  circuit 
(*an  be  made  to  operate  effectively  with 
screen -grid  valves  provided  the  screen 
voltage  is  held  really  steady. 

The  Output  Stage. 


omitted  equal  to 


El)W  \RDS  &  C’heruy 

( ’iRCTflT 


The  choice  of  the  valves  to  be  used  in  the  amplifier 
depends  on  the  voltages  to  be  handled.  It  is  usual  to 
work  back  from  the  output  stage  which  is,  first  of  all, 
designed  to  work  into  the  optimum  load  for  maximum 
undistorted  output. 

The  methods  of  determining  this  vary  with  the  circum¬ 
stances  and  the  degree  of  accuracy  required.  The  most 
general  method  is  to  adopt  the  graphical  tactics  outlined 
in  Volume  1,  Chapter  XIX,  and  it  will  be  as  w^ell  to  review 
the  process  briefly. 

Fig.  67  shows  ty]ncal  characteristics  for  a  triode.  The 
working  point  f^>is  chosen  in  this  case  corresponding  to  200 
volts  on  the  anode  and  12 J  volts  gi’id  bias.  The  variations 
of  anode  voltage  and  current  may  be  determined  by  drawing 
a  line  through  tlu'  })oint  O  having  a  slope  corresponding  to 
the  effective  resistance  of  the  load,  and  for  absolutely  dis¬ 
tortionless  working  the  points  where  this  load  Hue  (‘uts  the 
limiting  characteristics  should  correspond  to  equal  excur¬ 
sions  of  anode  voltage  and  current  from  the  mean  value. 

In  Fig.  67,  for  example,  the  mean  bias  is  12 J  volts, 
so  that  the  limits  of  grid  swung  will  be  0  and  25,  assuming 
the  valve  to  be  fully  loaded,  and  the  distances  OA  and  OA' 
should  be  equal  if  the  load  represented  by  ^4^4'  is  correct. 
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Actually  they  are  far  from  equal,  showing  that  consider¬ 
able  distortion  is  occurring.  This  particular  distortion, 
wherein  one  half  of  the  wavre  is  flattened  and  the  other 
peaked,  is  called  second  harmonic  distortion  because  the 
form  of  wave  is  the  same  as  would  result  if  a  pure  wave 
were  mixed  wuth  a  (smaller)  w^ave  of  twice  the  frequency  as 
shown  in  Fig.  68. 

It  will  be  clear  from  Fig.  67  that  a  non-linear  operation 


Fig.  67.  Illustrating  Choick  of  Optimum  Load 
FOB  A  Tbiode 

The  on  tlie  curves  refer  to  On*  giui  voltage 

such  as  this  will  be  accomjfauied  by  an  increase  in  the  mean 
anode  current  (because  the  eurrent  swing  OA'  is  greater 
than  OA).  To  allow  for  this  the  second  harmonic  in  Fig.  68 
has  been  shown  displaced  above  the  zero  line  for  the  funda¬ 
mental. 

Now  let  V  be  the  maximum  amplitud(»  of  the  fundamental 
and  dV  that  of  the  harmonic.  It  will  be  seen  that  the  positive 
peak  of  the  combined  wave  is  V  2dV  and  that  of  the 
negative  wave  is  F  ~  2dV.  Hence  the  ratio  of  the  positive 
to  negative  peaks  is  (F  +  2(iF)/(F— 2tZF),  i.e.  OA' jOA  in 
Fig.  67.  li  d  —  0-05  (5  j)er  cent  distortion)  this  is  1- 1/0*9  = 
1*22.  Hence  if  OA'IOA  is  not  greater  than  1*22  we  shall 
not  introduce  more  than  5  per  cent  distortion  and  this 
criterion  is  often  used  by  circuit  designers. 

The  load  line  A'OA  does  not  fulfil  this  requirement,  but 
B'OB  does.  It  will  be  noted  that  the  anode  current  is  no 
longer  reduced  to  zero  at  each  swing,  so  that  the  valve  is 
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operating  less  efficiently,  while  the  power  output  (which  is 
j^XB  .  XB'  as  explained  in  Volume  1)  is  also  less  than  before. 
As  we  reduce  the  slope  of  the  load  line  the  power  output 
falls  off  still  further  while  the  distortion  at  first  becomes  less 
and  then  begins  to  increase  again,  due  to  the  tendency  of 
the  characteristi(;s  to  become  flatter  with  high  grid  bias. 

A  steep  load  line  corresponds  to  a  low  load  resistance. 
Hence,  we  find  with  a  triode  that  as  we  increase  the  load 


Fio.  08  Illustrating  Flattening  of  Wave  ih  e  to 
Seoono  Harmonic 


the  power  output  rises  to  a  maximum  and  then  falls  off 
again,  while  the  distortion  falls  to  a  minimum  and  then 
begins  to  rise  again.  The  optimum  distortion  condition 
does  not  coincide  with  that  for  maximum  power  output. 

Output  Tetrodes  and  Pentodes. 

A  similar  though  slightly  modified  procedure  is  adopted 
with  pentodes,  and  the  critical-distance  or  beam  tetrodes 
which  are  superseding  them.  The  latter  valves  have  the 
anode  located  farther  from  the  screen  and  so  disposed  that 
the  usual  secondary -emission  kink  is  removed.  At  the 
same  time  the  screen  current  is  appreciably  reduced  by 
aligning  the  screen  and  control  grid  so  that  a  more  efficient 
valve  results. 

In  use,  the  valves  behave  similarly  to  a  pentode,  and  a 
typical  set  of  characteristics  is  shown  in  Fig.  69.  The  line 
AO  A'  represents  a  condition  giving  no  second  harmonic 
distortion  at  all,  for  ^0  =  0A\  This,  however,  is  not  the 
best  condition,  for  there  is  a  marked  third  harmonic  com- 


Anode  Current,  m  mi  Ih  amperes 
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ponent  which  can  be  detected  by  noting  the  increments  in 
anode  current  for  equal  increments  of  grid  voltage.  These 
are  shown  in  the  table  below,  which  also  shows  the  change 
in  current  per  5  volts  grid  change. 

Table  of  Anode  Citrbfnts  in  Fig.  (>0 


Load  Line  A  A* 

1  Load  Line  BB' 

Gnd  Bias 

h 

1  Increments 

1 

'  la 

1  Increments 

-  30 

55 

15 

52 

18 

-  25 

70 

35 

70 

30 

-  20 

105 

30 

100 

35 

-  15 

'  135 

30 

135 

35 

-  10 

165 

j 

35 

170 

35 

~  5  1 

1 

!  200 

15 

205 

35 

0  ' 

1 

215 

1 

240 
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It  will  be  seen  then  working  from  the  middle  (—  15  V.) 
we  have,  on  each  side,  changes  of  30,  35  and  15  mA. 
respectively  for  successive  increments  of  5  volts.  This  wiD 
give  a  wave  with  a  marked  third  harmonic,  as  shown  in 
Fig.  70. 


Flo.  70.  iLLTTSTHATlNf}  InFU'ENCK  OF  ThIRT)  HaRMOXIC 
ON  Waveform 


Fig.  71.  Illustrating  the  Effect  of  Harmonics  and 
THE  Optimum  Load  Point 

Note  tliat  with  third  harmonic  the  wave  is  symmetrical. 
This  is  true  of  any  odd  harmonic.  On  the  other  hand,  if  we 
reduce  the  load  slightly  to  that  shown  by  BOB'  we  intro¬ 
duce  about  5  per  cent  second  harmonic  for  OB  —  1-260F?', 
but  over  most  of  the  line  equal  increments  of  grid  voltage 
give  equal  anode  current  changes,  so  that  we  have  no  third 
harmonic. 
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This  behaviour  is  characteristic  of  pentodes  and  tetrodes. 
As  we  increase  the  load  the  second  harmonic  content  falls 
to  zero  and  then  rises  again  (this  time  due  to  a  flattening 
of  the  top  of  the  curve  instead  of  the  bottom).  The  third 
harmonic  behaves  similarly  but  falls  to  zero  much  earlier 
and  we  usually  find  that  at  the  point  of  zero  second  har¬ 
monic  the  third  has  risen  alarmingly.  The  best  condition 
is  between  the  two  as  shown  in  Fig.  71 . 

It  is  difficult  to  locate  the  best  load  from  the  character¬ 
istics  but  curves  similar  to  Fig.  71  are  usually  available 
from  the  makers. 

As  an  approximation  the  following  ])rocedure  may  be 
used.  First  determine 

a  ™  current  swing  for  a  positive  grid  swing  —0*71  limes 
the  peak  grid  swing. 

/?  =  current  swing  for  a  Jiegative  grid  swing  of  the  same 
value. 


Then  evaluate  three  parameters  as  under 


A  - 


positive  ])eak  current 


negative  j)eak  current 
iJ  =  1  +  a//i. 

C  —  l’41/?/negative  peak  current. 


Then 

%  2nd  harmonic 


_ A-  ] 

1  -f  A  /ir 


] 

100 

1 


o/  Q  1  1,  •  ^  A  H(  ’ 

o/„3rdhar,non.c=-p-^-^-^.  X 


Impedance  Limiting. 

It  should  be  noted  that  tetrodes  or  pentodes  should  not 
be  run  with  high  loads.  The  line  COC'  represents  such  a 
load,  and  it  will  be  seen  that  if  the  full  ±15  volts  grid 
swing  is  applied  the  anode  voltage  will  swing  to  a  voltage 
of  several  thousand,  which  wdll  certainly  cause  a  breakdown 
somewhere. 

A  safety  load  of  several  times  the  normal  load  should 
therefore  be  connected  permanently  across  the  output  or 
else  a  safety  spark  gap  incorporated. 
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The  average  loud  speaker  impedance,  while  fairly  con¬ 
stant  over  the  middle  registers,  rises  rapidly  in  the  upper 
frequencies.  This  causes  the  load  line  to  swing  round, 
giving  rise  to  the  same  trouble  if  a  large  high  (audio)  fre¬ 
quency  input  is  applied.  Even  if  no  damage  results,  very 
bad  distortion  will  be  produced.  To  avoid  this  a  limiting 
load  is  often  connected  in  parallel  sometimes  with  a  con¬ 
denser  in  series,  the  condenser  value  being  chosen  such 
that  its  reactance  is  high  at  normal  frequencies,  but  falls 
rapidly  above  a  few  thousand  cycles  thereby  bringing  the 
limiting  resistance  into  play. 

Choice  of  Valves. 

Having  decided  upon  the  valve  to  obtain  the  required 
output,  one  knows  the  grid  input  required.  If  sufficient 
voltage  can  be  obtained  direct  from  the  detector  this  is 
all  that  is  necessary.  Valves  are  made  to-day  which  wiU 
give  two  to  three  watts  out  with  four  volts  peak  signal 
input,  and  this  value  can  easily  be  obtained  from  a  diode 
detector.  Some  commercial  receivers  use  this  system. 

In  general,  however,  one  l.f.  amplifying  stage  is  desirable. 
This  may  be  the  detector  itself  if  an  amplifying  detector 
is  used.  If  not,  a  first  l.f.  valve  must  be  employed  capable 
of  providing  this  voltage.  Due  to  the  coupling  impedance 
in  the  anode  circuit  the  anode  voltage  will,  in  general,  be 
less  than  the  full  amount,  particularly  if  resistance  coupling 
is  used,  and  the  valve  must  be  capable,  with  the  actual 
effective  anode  voltage,  of  providing  without  distortion 
an  anode  swing  equal  to  the  voltage  required.  This  involves 
as  a  corollary  that  to  provide  this  anode  swing  the  grid 
swing  required  on  the  input  to  the  valve  must  be  within 
the  limits  of  the  grid  bias  used. 

It  must  be  remembered  that,  in  a  design  of  this  type, 
allowance  has  to  be  made  for  the  peak  condition,  i.e.  the 
strongest  possible  signal  likely  to  be  handled  under  full 
modulation. 

Feed-back. 

The  third  point  is  that  of  the  elimination  of  feed-back. 
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As  with  any  amplifier,  leads  at  the  output  end  of  the  chain 
must  not  be  allowed  in  proximity  to  the  input.  It  is  also 
desirable  to  filter  out  any  high-frequency  currents  imme¬ 
diately  following  the  detector.  This  must  be  done  as  effi¬ 
ciently  as  possible,  as  otherwise  amplified  h.f.  voltages  will 
appear  in  the  output  stage  and  will  radiate  from  the  loud¬ 
speaker  back  on  to  the  earlier  portions  of  the  set,  causing 
instability.  A  large  h.f.  component  in  the  audio-frequency 
output  will  also  cause  the  valves  to  overload,  even  though 
they  are  quite  capable  of  handling  the  normal  low-frequency 
signal. 

Finally,  attention  must  be  paid  to  the  question  of  com¬ 
mon-impedance  coupling  already  referred  to  in  connection 
with  h.f.  amplifiers.  These  decoupling  circuits  must  be  used 
as  explained  in  Volume  I,  and  if,  as  it  is  usual,  resistances 
are  used  for  the  decoupling,  due  allowan(*e  must  be  made 
for  the  voltage  drop  which  will  occur  on  these  resistances. 
The  valves  must  still  be  capable  of  handling  the  full  anode 
swing  with  the  reduced  anode  voltage. 

Decoupling  is  also  used  in  grid  circuits  at  times,  and  also 
a.v.c.  circuits,  in  both  of  which  cases  the  d.c,  potentials 
only  are  of  consequence.  The  voltage  is  supplied  through 
a  high  resistance  of  the  order  of  1  megohm,  bypassed  at 
the  far  end  with  a  large  condenser. 

Miller  effect  is  less  important  with  the  transformer  type 
of  amplifier.  The  anode  circuit  is  inductive,  except  around 
the  two  main  resonance  joints.  Hence,  the  input  capacitance 
of  the  valve  preceding  it  is  not  unduly  high  (except  at  the 
resonant  points)  while  the  input  resistance  tends  to  be 
negative,  i.e.  a  certain  reaction  effect  is  obtained.  While 
this  does  not  usually  cause  self-oscillation,  except  in  ampli¬ 
fiers  having  more  than  one  stage,  it  does  adversely  affect 
the  response  curve  and  must  be  borne  in  mind. 

A  loud-speaker  acts  mainly  as  a  resistive  load,  since  it 
is  absorbing  power,  and  the  output  valve  reflects  an  appre¬ 
ciable  capacitance  across  the  circuit  preceding  it  unless  a 
screened  valve  is  used.  This  is  one  of  the  chief  arguments 
in  favour  of  pentode  or  tetrode  output  valves  where,  owing 
to  the  greatly  reduced  internal  capacitance,  the  feed-back 
is  rendered  of  small  proportions  only. 
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Negative  Feed-back. 

A  development  of  importance  has  been  the  use  of  negative 
feed-back.  This  is  a  feed-back  in  a  direction  which  reduces 
the  amplification  and  at  first  sight  would  appear  to  have 
little  advantage.  If  the  feed-back  is  sufficient,  however,  a 
surprising  effect  is  obtained. 

Consider  an  amplifier  with  a  gain  A.  Let  the  input  be 
V.  Then  the  normal  output  is  vA  =  V.  Now  transfer  a 
portion  of  this  output  back  to  the  input.  The  gain  of  the 
amplifier  will  be  reduced  and  to  obtain  the  same  output  as 
before  ^^e  must  increase  the  input  by  an  amount  fiV,  The 

V 

effective  input  voltage  thus  becomes  v  +  pV  =  /?F 


The  effective  gain  of  the  amplifier  is  thus  ^ 

j  ]  j 

-  ,  ^  .  vhich  can  be  rewritten  tt.  — 

1  —  pA  PI 

’  +  JA 


Now^  if  jjA  is  large,  1/^A  tends  to  zero,  so  that  the  gain 
tends  to  become  simply  1//:^. 

This  means  that  the  gain  of  the  amplifier  is  constant 
and  is  independent  of  the  com2>onents  of  the  amplifier,  in¬ 
cluding  the  mires.  Tf  l/lOOth  of  the  output  voltage  is  fed 
back,  the  gain  is  100,  provided  that  j^A  is  large  compared 
with  unity,  which  means  that  in  the  case  chosen  A,  the 
normal  amplifier  gain,  must  be  of  the  order  of  1000. 

We  have,  of  course,  obtained  this  independence  of  valves 
and  circuit  at  the  expense  of  a  good  deal  of  the  gain — 
9/lOths  to  be  exact,  but  the  advantages  may  outweigh  this 
fact.  Experiments  made  by  the  author*  have  shown  that 
the  results  bear  out  theory  in  this  respect  and  that  deliberate 
distortion  can  be  ofiset  practically  completely,  and  the 


*  ‘‘Linearity  and  Negati\o  Feed-back,’*  Wireless  World,  4th 
AuguPt,  1938. 
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same  output  obtained  provided  tlie  input  is  increased  to 
allow  for  the  reduced  gain. 

In  pra(*tice,  negative  feed-back  is  usually  used  to  a 
partial  extent  only,  the  circuit  being  made  tolerably 
good  and  then  improved  by  feed-ba(‘k.  Fig.  72  shows  a 
negative  feed-back  circuit.  In  each  valve  a  small  feed-back 
is  obtained  by  omitting  the  customary  by-pass  condenser 
across  the  bias  resistor,  vhile  in  addition  there  is  a 


small  deliberate  feed-back  from  output  to  input.  Various 
other  forms  of  circuit  can  be  devised,  and  it  is  easy  to 
decide  whether  the  feed-back  is  in  the  right  direction. 

The  action  breaks  down  if  the  i)hase  of  the  feed-back 
suffers  any  serious  shift  in  its  transference  from  back  to 
front,  or  if  the  amplifier  itself  has  any  serious  phase  shift. 
It  is,  in  fact,  possible  at  high  frequencies  for  the  total 
phase  shift  to  be  more  than  90°,  in  which  case  the  feed-back 
becomes  positive  and  self-oscillation  will  result.  This 
possibility  must  always  be  guarded  against. 

Effect  of  Feed-back  on  Output  Impedance. 

The  feed-back  may  be  pro])ortional  to  the  output  voltage 
as  in  Fig.  72  or  to  the  output  current.  This  could  be  done 
by  introducing  a  suitable  small  resistance  in  the  earthy  side 
of  the  output  circuit  itself.  The  voltage  developed  across 
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this  resistance  would  then  be  proportional  to  the  output 
current. 

Voltage  feed-]pack  tends  to  maintain  the  output  voltage 
constant.  Now  a  generator  develops  at  its  terminals  a  volt¬ 
age  equal  to  the  internal  e.m.f.  less  the  voltage  drop  on  the 
internal  impedance.  Hence  if  the  voltage  output  is  to  be 
constant  the  internal  impedance  must  be  zero,  and  the  more 
we  reduce  the  internal  im]X‘dance  the  (‘loser  we  shall  ap¬ 
proach  this  condition.  Voltage  feed-back,  therefore,  has  the 
effect  of  reducing  th^  effective  internal  impedance  of  the 
output  stage,  which  i^  often  convenient. 

A  pentode,  for  example,  has  a  high  internal  impedance, 
tending  in  fact  to  be  a  (‘onstant  current  device  which  is  a 
condition  associated  with  infinite  internal  im])edance.  Suit¬ 
able  voltage  f(‘ed-back  will  convert  the  cir(‘uit  to  one  having 
characteristic's  a})proaching  constant  voltage  output,  with 
a  consequent  marked  reduction  in  internal  impedanc'e.  The 
circuit  in  fact  will  havx^  triodc  characteristics. 

(Conversely,  current  feed-back  will  tend  to  a  constant 
current  condition  and  can  be  arranged  to  make  a  triode 
exhilnt  the  higli  internal  impedance  of  a  pentode.  By  a 
.mixture  of  the  two  the  internal  impedance  of  the  output 
stage  can  be  adjust c'd  to  any  s])ecified  value. 

Feed-back  Networks  as  Tuned  Circuits. 

An  imy)orlant  develo})ment  of  feed-back  technique  is  the 
use  of  tlie  system  to  provide  the  characteristics  of  a  tuned 
circuit.  With  this  arrangement  the  feed-back  is  routed 
through  a  bridge  of  which  the  balance  is  dependent  on  fre¬ 
quency.  Normally  the  bridge  will  be  unbalanced,  so  that 
there  w  ill  be  a  ('onsiderable  fraction  of  the  original  feed-back 
voltage  available  at  the  outjnit  terminals  of  the  bridge. 
This  voltage  will  be  applied  to  the  am])1ifier  and  wdll  reduce 
its  gain  to  some  small  value. 

At  the  particular  frequency  for  which  the  bridge  balances, 
however,  the  f(*ed-back  will  become  very  small,  thus  re¬ 
leasing  the  amplifier  and  permitting  it  to  develop  nearly 
its  full  ghin.  The  response  of  the  amplifier  may  thus  in¬ 
crease  a  himdredfold  at  this  frequency  of  “tune,”  while  for 
a  short  range  on  either  side  there  will  be  an  intermediate 
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response,  the  whole  result  resembling  the  resonance  curve 
obtained  with  a  normal  tuned  circuit. 

One  advantage  of  the  system  is  its  high  stability,  con¬ 
densers  and  resistances  having  a  lower  t('mperature  coeffi¬ 
cient  than  inductances  w^hile,  even  more  imijortant,  the 
frequency  is  not  affected  by  changes  in  the  amplifier  but  is 
solely  dependent  on  the  bridcre  network  in  the  feed-back 
(‘ircuit.  It  is  also  very  convenient  for  low^  frequencies  w^here 


Fia.  73.  Fkuqxjuncy  Hhidgi:  Networks 


the  inductances  required  with  normal  methods  become 
very  bulky,  while  a  third  and  most  useful  feature  is  that 
the  frequency  is  very  easily  made  variable  b\  altering  the 
bridge  network. 

Fig.  73  (a)  shows  a  simple  frequency  bridge  which  bal¬ 
ances  when  /  —  \I2ttCR.  In  this  form  it  is  inconvenient, 
however,  for  botli  the  output  terminals  are  at  different 
potential  to  the  input.  A  star-mesh  transformation  (see 
Appendix),  however,  enables  the  circuit  to  be  re-arranged 
in  the  form  of  Fig.  73  (b). 

Here  one  aide  of  both  input  and  out])ut  is  earthy.  Fig.  74 
shows  a  simple  selective  am])lifier  of  this  type  using  the 
3-terminal  bridge  of  Fig.  73  (6). 

Regeneration —Feed-back  Oscillators. 

The  sharpness  of  tune  is  only  fair,  a  ty])ical  network 
being  equivalent  to  a  tuned  circuit  having  a,  Q  of  25. 
This  is  quite  good  for  low  frequencies  but  not  as  good  as 
can  be  obtained  with  good  tuned  circuits.  The  ay)plication 
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of  a  little  positive  feed-back,  however,  enables  the  tuning 
to  be  sharj)ened  considerably  and  aQof  70()  is  easily  obtain¬ 
able.  Such  a  system,  however,  requires  careful  handling 
and  suffers  from  the  usual  defects  of  a  reacting  system,  the 
most  important  being  that  the  system  is  no  longer  inde¬ 
pendent  of  the  amplifier,  both  amplification  and,  to  a  lesser 
extent,  frequency  being  influenced  by  any  changes  in  the 
amplifier  or  its  supply  voltages. 


If  the  jjositive  feed-back  is  increased  beyond  a  certain 
point  the  circuit  will  oscillate  continuously  at  the  frequency 
to  which  the  bridge  is  set.  This,  therefore,  provides  a  con¬ 
venient  form  of  oscillator  which  may  be  made  to  have  a 
high  degree  of  stability  and  cover  a  wide  range  of  frequency 
and  such  oscillators  are  l)ecoming  increasingly  popular. 
Frequencies  from  a  few  c/s  u])  to  several  kc/s  can  be  handled 
successfully. 

The  important  feature  in  the  design  of  feed-back  systems 
as  a  whole  is  that  there  shall  be  negligible  phase  shift  in  the 
amplifier  withiii  the  operating  range  of  frequencies.  Outside 
this  range  phase  shift  may  be  permitted,  but  it  should  not 
be  allowed  to  exceed  :t/4  until  the  gain  of  the  amplifier  has 
fallen  below  unity.  Loss  of  g^iin  and  phase  shift  go  together 
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(see  p.  113)  and  it  can  easily  be  demonstrated  that  the  less 
the  number  of  couplings  the  more  e^wsily  (*an  this  condition 
be  complied  with.  In  fact  with  one  stage  only  the  phase 
shift  can  never  exceed  7r/4,  so  that  it  is  i)referable  to  arrange 
the  selective  feed-back  around  one  stage  only,  adding 
further  stages  quite  independently  if  more  gain  is  nec'essary. 

Phase-shift  Oscillators. 

Reference  may  be  made  to  another  form  of  oscillator 
which  is  occasionally  used.  Here  three  stages  are  used,  so 
designed  that  a  j)hase  shift  of  277/3  ])er  stage  is  obtained. 
The  output  is  then  coupled  back  to  the  input  causing  con¬ 
tinuous  oscillation. 

This  will  only  occur  at  the  particular  frequency  for  wdiich 
the  total  jdiase  shift  is  277,  so  that  the  voltage  feed-back  is 
in  phase  with  the  input.  If  the  constants  of  the  inteTstage 
couplings  are  altered  the  frequency  of  the  oscillation  auto¬ 
matically  changes  until  this  condition  is  again  complied  w  ith. 

Hence  once  again  we  have  an  oscillator  using  resistances 
and  condensers  only  of  which  the  frecjucruy  is  variable 
over  a  wide  range  by  varying  the  values  of  resistance  and/or 
condenser.  Both  tyi)es  of  oscillator  generate  a  very  pure 
waveform  if  precautions  are  taken  to  avoid  ovc'rloadini/  of 
the  valves. 

Class  B  Operation. 

The  ordinary  low-frequency  amj)lifier  operates  as  a 
Class  A  amplifier,  being  biased  approximately  to  the  middle 
of  the  straight  portion  of  the  characteristic.  This  involves 
a  large  steady  anode  current  which  is  the  same  whether 
the  signal  is  large  or  small.  [Particularly  with  battery- 
operated  receivers,  this  involves  a  waste  of  current,  since 
the  periods  when  anything  like  full  modulation  is  in  opera¬ 
tion  are  only  a  small  fraction  of  the  total  time. 

This  has  led  to  the  introduction  of  Class  B  amplifiers 
for  audio-frequency  purposes.  As  explained  in  the  chapter 
on  transmitters,  this  form  of  operation  consists  in  biasing 
the  valves  to  such  a  point  that  the  anode  current  is  nearly 
zero.  Positive  half  cycles  of  grid  voltage  then  cause  the 
anode  current  to  swing  over  the  straight  portion  of  the 


THE  RADIO  RECEIVER  135 

characteristic,  while  the  negative  half  cycle  produces  no 
appreciable  effect. 

In  a  transmitter  the  anode  voltage  maintains  itself  over 
this  portion  of  the  cycle  by  virtue  of  the  tuned  circuit 
in  the  anode  circuit.  With  a  low-frequency  amplifier  this 
is  not  permissible  because  we  are  dealing  with  a  variety  of 
frequencies  and  any  undue  resonance  cannot  be  tolerated. 
It  is  necessary,  therefore,  to  use  two  valves  in  push-pull, 


Fio.  7.").  Two  Tetrodes  Ahranoed  for  Class  AB2 
Operation  (Positive  Drive) 


one  of  which  handles  one  half-cycle  and  the  other  the  next. 
The  outputs  are  combined  in  the  normal  manner.  A  typical 
circuit  is  shown  in  Fig.  75. 

For  battery  operation  two  pentodes  may  be  used,. each 
biased  to  about  twice  the  normal  value  and  swinging  on 
each  alternate  half'  cycle  from  this  value  uj)  to  zero  bias. 
Special  Q.P.P.  (quiescent  push-pull)  valves  are  made  for 
this  purpose,  having  two  })entodes  in  one  envelope.  The 
two  elements  are  balanced  to  take  approximately  equal 
shares  of  the  drive  by  individual  adjustment  of  the  screen 
volts. 

Class  B  valves  are  also  used  oc(*asionally.  These  are 
triodes^  designed  to  run  into  the  positive  grid  region  in 
which  case  their  characteristics  become  similar  to  those 
of  a  pentode.  Such  a  combination  absorbs  power  on  its 
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input  and  has  therefore  to  be  fed  with  a  small  power  valve 
operating  through  a  driver  transformer  which  is  designed 
in  the  same  way  as  an  output  transformer  to  feed  into  the 
load  provided  by  the  grid  current  drive. 

Class  B  triodes,  ho^\ever,  cannot  conveniently  be  matched 
except  by  selection  and  the  system  is  not  greatly  used. 
It  is  employed,  however,  with  pentodes  or  tetrodes  not 
only  lor  battery  operation  but  also  vith  mains  valves.  The 
arrangement  is  similar  to  the  Q.P.P.  scheme  mentioned 
above  and  may,  indeed,  be  used  in  this  way  without 
running  into  grid  current.  This  is  sometimes  called  class 
AIBI  working.  Greater  output  is  obtained,  however,  by 
running  into  grid  current  at  the  peaks  of  the  swing,  the 
preceding  valve  being  designed  to  supply  the  power 
necessary. 

Fig.  75  sho^vs  tvo  tetrodes  arranged  to  operate  in  this 
Class  AB2  (positive  drive)  condition.  The  output  of  the 
two  valves  in  normal  Class  A  push-j)ull  is  14-5  watts  with 
9  per  cent  total  distortion.  Under  Class  AB2  conditions 
60  watts  output  may  be  obtaine<l  with  only  3  per  cent 
distortion !  It  is  important  to  keep  the  screen  voltage 
constant,  and  a  separate  po^\er  unit  is  often  used  for  the 
purpose. 

The  operating  condition  of  each  valve  is  shown  at  XZ 
in  Fig.  69.  The  valve  normally  operates  at  25  volts  bias 
and  runs  up  to  +  5  volts.  As  the  valve  runs  towards  zero 
its  pair  runs  negative.  The  total  swing,  therefore,  is  from 
—  25  to  +  5  on  one  valve  and  from  —  25  to  —  55  on  the 
others  The  peak  power  output  is  thus  represented  by  the 
triangle  XYZ.  FA  is  the  peak  current  swing  and  YZ  the 
peak  voltage  swing  so  that  the  r.m.s.  power  is  X  FZ/2.  This 
is  the  total  power  for  both  valves  and  will  be  seen  to  be 
59*5  watts. 

In  calculating  distortion,  the  anode  current  change  must 
be  taken  as  the  sum  of  the  changes  in  each  valve.  E.g.  a 
6-volt  increase  from  25  to  20  will  give  100  —  6S  =  32mA, 
while  the  other  valve  of  the  pair  will  contribute  68—52—16, 
making  a  total  of  48mA.  The  change  from  Eg  -=^  0  to 
Eg  —  -Y  ^  gives  310  —  262  =  48mA,  which  is  the  full 
change  since  in  this  condition  the  second  valve  is  practically 
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cut  off.  Similar  calculations  at  intermediate  points  give 
similar  current  changes  showing  that  with  the  conditions 
chosen  the  operation  is  practically  distortionless. 

The  Loud  Speaker 

The  whole  object  of  the  receiver  is  to  supply  energy  in 
an  acceptable  form  to  some  device  which  will  make  use 
thereof.  In  a  broadcast  receiver  this  is  the  loud  speaker, 
while  in  a  commercial  receiver  it  may  be  a  recorder  or 
printer.  Since  the  success  of  the  whole  undertaking  may 
depend  to  a  large  extent  on  the  relative  efficiency  of  these 
devices,  it  is  clear  that  tlie  discussion  of  their  design  could 
well  be  very  detailed. 

The  subject  is  discussed  at  some  length  in  Volume  I, 
where  further  references  are  given  for  the  reader  who  wishes 
to  follow  it  up. 


CHAPTER  VIII 

THE  RECEIVING  AERIAL 

The  requirements  for  a  receiving  aerial  are  slightly  different 
from  those  at  the  transmitting  end.  If  the  object  were 
merely  the  production  of  the  most  efficient  energy- collecting 
system,  the  receiving  aerial  could  be  a  duplicate  of  that  of 
the  transmitter  (without  the  necessity  for  high  insulation). 
The  problem  in  receiving,  however,  is  to  tune  in  the  required 
signal,  which  is  usually  weak,  and  to  disregard  much 
stronger  signals  from  relatively  nearer  transmitters  operat¬ 
ing  on  wavelengths  which  may  not  be  much  different  from 
that  of  the  desired  station. 

Now  an  aerial  operating  at  its  natural  wavelength  is 
very  broadly  tuned.  Moreover,  receiving  aerials  are  usually 
required  to  of)erate  over  a  range  of  wavelengths,  except 
in  certain  special  cases.  For  ordinary  medium-  and  long¬ 
wave  reception,  therefore,  the  receiving  aerial  is  only  a 
fraction  of  a  wavelength  long.  It  is  made  high  so  that 
the  voltage  induced,  which  is  the  product  of  the  field 
strength  in  microvolts  per  metre,  and  the  effective  height 
in  metres,  shall  be  as  large  as  possible. 

Aerial  Coupling  Circuits. 

The  receiving  aerial  is  coupled  to  the  receiver  through 
a  transformer,  usually  of  the  inductive-  or  direct-coupled 
type  as  shown  in  Fig.  76.  The  function  of  this  arrangement 
is  twofold.  In  the  first  place,  it  increases  the  voltage  applied 
to  the  first  valve  of  the  receiver  by  means  of  the  step-up 
in  the  transformer,  and  at  the  same  time  it  improves  the 
selectivity,  because  the  aerial  is  possessed  of  a  relatively 
large  resistance,  mainly  radiation  resistance,  and  since  the 
aerial-tuned  circuit  combination  is  merely  a  variety  of 
coupled  circuit  any  resistance  in  the  aerial  itself  is  reflected 
into  the  tuned  secondary. 

A  further  point  is  that  the  aerial  capacitance,  which  may 
be  anything  from  0-0001  to  0-001  //F.  for  the  average  receiv¬ 
ing  aerial,  is  effectively  connected  across  the  tuning  circuit. 
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The  secondary  circuit  is  usually  tuned  witli  a  condenser 
of  about  0*()0()5  //F.,  and  if  there  is  a  permanent  capaci¬ 
tance  of  a  similar  value  already  across  the  circuit,  the 
(‘apacitanee  raru^e  is  only  about  2:1,  , giving  less  than  H  :  1 


variation  in  the  wavelength.  If  th(‘  a(Tial  is  transformer- 
cou])led,  the  effective  capacitance  across  the  full  circuit  is 
reduced  and,  consequently,  the  tuning  range  is  not  seriously 
restri<‘ted. 

Th(‘  (‘qiiivalent  circaiit  of  a  receiving  aerial  circuit  is 
shown  in  Fig.  77,  and  the  approximate  treatment  is  as 


follows.  Aerial  resistance  is  neglected  in  com])arison  with 
the  equivalent  resistance  reflected  into  tlie  circuit  fiom 
the  secondary,  since  this  is  usually  high. 

Where  the  set'ondary  is  tuned,  the  equi\alent  resistance 
in  the  aerial  circuit  is 

Hence,  -- 

where  includes  the  ])riniary  inductance  of  the  trans¬ 
former 

~  M(oi^  and  E,  the  voltage  across  the  secondary 
coil,  ~  M(x) .  {L(olR)i^  —  (MjRC)  since  e/-  1/Lf’. 
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Hence  the  effective  step-up  is 

K  MjRC 

e  ~  Mho^jR  +j{a)L^—llioCa) 

MIC 

~  J/2w2  +  j  X^R 

where  is  the  reactance  of  the  aerial  —  wL^ —  ]/a)f  a- 
Now  the  aerial  circuit  is  not  tuned.  If  it  were,  double- 


^  I _ . _ : _ L- 

0  500  WOO  7500 

Frequency  (kc) 


Fig.  7s.  Tytical  Aeriai.  Step-up  Curve 


hump  effects  would  occur  and  the  tuning  would  be  upset. 
Hence,  the  tune  of  the  aerial  circuit  is  always  k(‘pt  well 
outside  the  tuning  range,  and  the  optimum  (*ouj')ling  is 
obtained  when  the  two  terms  in 


the  denominator  an'  equal — i.(‘. 

MW  -=  XJl. 

This  usually  gives  a  step-up 
of  the  order  of  five  or  ten  to 
one.  It  varies  with  the  fre¬ 
quency,  being  higher  with  in¬ 
creased  frcHpiency.  A  tyjiical 
aerial  coiijiling  step-up  curve  is 
showui  in  Fig.  7S. 

A  capacitance  couy)lmg  would 
give  the  r(' verse  effect,  and 
aerial  circuits  are  sometimes 
arranged  to  combine  both 
forms  of  (‘oupling  in  order  to 


Fig.  7a.  Circuit  for 
Obtaining  Uniform 
Aerial  Step-up 


obtain  a  uniform  transfer  of  em^rgy  over  a  range  of  fre¬ 


quency.  Fig.  79  shows  such  a  circuit.  The  indu(*tance  of 


Li  is  higher  than  usual,  so  that  it  would  tune  with  t\  just 


above  the  highest  wavelength  to  be  received. 
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It  is  loosely  coupled  to  the  secondary  and  the  energy 
is  transferred  partly  by  inductive  coupling  and  partly 
directly  to  the  top  of  the  secondary  through  (7^. 

The  direction  of  is  such  that  these  two  couplings 
are  in  opposition.  At  low  frequencies  the  energy  transfer 
is  nearly  all  inductive  since  (7^  is  small  and  offers  a  large 
impedance  to  the  currents.  As  the  frequency  rises,  more 
voltage  is  induced  in  L  from  Lj,  but  more  current  flows 
through  Cq  in  opposition  and  so  keeps  the  total  secondary 
voltage  fairly  constant. 

Various  other  special  forms  of  aerial  coupling  are  used, 
but  it  is  not  possible  to  discuss  them  further  here. 

Band-pass  Coupling. 

In  order  to  obtain  increased  selectivity  the  aerial  and 
the  secondary  are  sometimes  separately  tuned.  When  this 
is  done  the  system  becomes  a  species  of  coupled  circuit, 
and  the  coupling  must  be  kept  below  a  certain  limiting 
value  for  satisfactory  operation. 

The  critical  coupling  is  obtained  when  the  effective 
resistance  introduced  into  the  primary  by  the  secondary 
circuit  coupled  to  it  is  equal  to  the  initial  primary  resistance, 
which  occurs  when  Mm  —  (see  Chapter  IX). 

Under  these  conditions  the  maximum  current  is  obtained 
in  the  secondary  and  tlie  maximum  energy  transferred 
from  the  primary. 

With  critical  couy)ling  the  secondary  resonance  curve 
shows  only  one  peak,  while  that  of  the  primary  shows 
two  j)eaks  very  close  together.  As  the  coupling  is  increased 
the  primary  peaks  move  hxrther  apart,  and  a  double  hump 
also  appears  in  the  secondary  resonance  curve.  The  fre¬ 
quencies  of  the  peaks  are  discussed  in  the  next  chapter. 

Receiving  circuits  are  sometimes  operated  in  this  con¬ 
dition,  the  peaks  being  5  to  10  kc/s  apart  so  that  the  side¬ 
bands  are  received  at  a  strength  comparable  with  the 
carrier,  whereas  with  the  ordinary  peaked  resonance 
curve  the  frequencies  5  to  10  kc/s  off  tune  are  appreciably 
attenuated,  particularly  with  a  sharply  tuned  circuit. 
This  gives  rise  to  a  loss  of  the  upper  frequencies,  or  '‘top 
cut,’*  which  is  minimized  by  band-pass  tuning.  Beyond 
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the  limit  of  the  peaks  the  current  falls  very  sharply,  giving 
a  better  selectivity  than  could  be  obtained  with  one  circuit 
alone. 

For  broadcast  reception  it  is  usual  to  tune  the  two  cir¬ 
cuits  with  a  twin  condenser.  To  obtain  a  reasonable  simi¬ 
larity  between  the  characteristics  the  aerial  is  coupled  to 
the  primar}?^,  just  as  with  a  simple  coil.  The  two  sections 


Fig.  S(i.  Band-fass  Aerial  Circuit 


of  the  condenser  are  identical,  but  small  semi-fixed  capa¬ 
citances,  known  as  trimmers^  are  mounted  on  the  side  and 
are  adjusted  to  compensate  for  the  differing  self- capacitances 
(including  the  effect  of  the  aerial).  Fig.  SO  shows  a  simple 
inductively- coupled  band-pass  filter. 

The  displacement  of  the  peaks  depends  on  the  frequency 
as  explained  on  page  157.  With  a  magnetically-coupled 
system  the  peak  separation  increases  with  the  frequency. 
It  is  possible  to  couple  the  circuits  capacitatively,  in  which 
case  the  reverse  action  occurs.  “Mixed  ’’filters  are  often  used 
to  combine  both  effects  and  obtain  a  constant  band  width. 

For  further  treatment  of  this  subject  the  reader  is  referred 
to  Wireless  Engineer ,  Vol.  IX,  pages  546  and  608,  October 
and  November,  1932. 

Directional  Aerials. 

For  point-to-point  working  directional  aerials  are  often 
used.  The  extent  of  the  directivity  depends  upon  a  variety 
of  circumstances.  Directional  aerials  for  medium  and  long 
waves  are  usually  rather  difficult  to  arrange  effectively, 
whereas  on  short  waves  the  problem  is  comparatively  easy. 
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The  principal  types  of  directional  aerial  are  discussed 
in  Volume  I,  Chapters  XXII  and  XXIII,  the  method 
usually  adopted  being  to  use  an  arrangement  of  spaced 
aerials  so  that  there  is  an  appreciable  time  lag  between 
the  voltages  induced  by  the  waives  at  the  two  ends  of  the 
system.  By  suitable  phasing  of  the  currents  set  up  in  the 
aerial  this  time  lag  can  be  caused  to  accept  a  signal  coming 
from  one  direction  and  to  reject  one  coming  from  the 
opposite  direction. 

The  Beverage  Aerial. 

A  form  of  directional  aerial  which  is  particularly  useful 
on  short  waves  is  that  developed  by  C.  W.  Beverage  in 
America  some  years  ago.  It  consists  of  a  long  horizontal 


To  Receiver  ^\\ 

V//)/////////// '//'//  /'/,'  ‘  / ////^/// 

Fig.  81.  Showing  How  Wave  Dkag  is  Ttilized 
IN  THE  Beverage  Aerial 

wire  a  few  fet^t  off  the  ground  pointing  in  the  approximate 
direction  from  whi(*h  the  signal  is  coming.  It  operates  by 
virtue  of  the  fact  that  the  lower  portion  of  the  vertical 
field  in  a  wireless  wave  drags  slightly  due  to  the  resistance 
of  the  earth,  as  shown  in  Fig.  81. 

There  is  thus  an  horizontal  component  which  induces 
voltage  in  the  wire.  The  voltage  in  the  first  element  will 
travel  along  the  wire  to  the  far  end.  Meanwhile  the  ad¬ 
vancing  wave  is  inducing  further  voltages  in  the  successive 
elements  of  the  wire  and  it  is  clear  that  these  will  be  roughly 
in  phase.  The  time  taken  by  the  wave  to  travel  down  the 
wire  is  longer  than  that  taken  by  the  wave  in  free  air, 
but  the  effect  is  neveitheless  cumulative  and  if  the  wire 
is  several  wavelengths  long  a  considerable  signal  builds 
up  at  the  far  end. 
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Signals  from  the  reverse  direction  produce  the  same  result 
but  on  arrival  at  the  point  A  they  are  absorbed  by  the 
resistance  B  which  is  made  equal  to  the  characteristic 
impedance  of  the  line  and  thus  absorbs  without  reflection. 
Signals  from  any  other  direction  clearly  cannot  build  up. 

Diversity  Reception. 

Reference  may  be  made  to  a  particular  form  of  receiving 
aerial  which  is  intended  to  overcome  fading.  As  explained 


Fio.  S'J,  Abranoements  for  Diversity  Keception 


in  Volume  I,  fading  is  produced  by  interft*rence  with  the 
travel  of  the  waves  during  their  reflection  at  the  Heaviside 
Layer.  In  })articular,  the  plane  of  polarization  is  twisted 
so  that  a  wave  may  arrive  horizontally  polarized,  in  which 
case  it  will  have  no  effect  on  the  ordinary  vertical  receiving 
aerial. 

This  variation  in  the  plam'  of  j)()larization  may  be  spas¬ 
modic  or  it  may  be  regular,  arising  in  the  latter  ease  from 
a  circularly  polarized  wave  in  which  the  jilane  of  polariza¬ 
tion  is  rotating  continuously. 

Attempts  may  be  made  to  minimize  fading  by  the  use 
of  automatic  volume  control,  but  this  is  not  entirely  satis¬ 
factory,  for  no  amount  of  increased  amplification  can 
compensate  for  a  complete  fade-out,  while,  in  addition, 
the  increasing  amplification  always  brings  with  it  an  in¬ 
creased  background  noise. 
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It  is  found,  however,  that  the  reception  at  different 
localities  is  not  the  same  at  the  same  instant.  When  the 
signal  has  faded  to  vanishing  point  in  one  locality  it  may 
be  quite  strong  only  a  short  distance  away. 

This  is  understandable  in  view  of  the  explanation  just 
given  of  the  cause  of  fading,  for  if  we  consider  a  circularly 
polarized  wave  its  plane  of  polarization  at  any  instant 
will  depend  upon  the  distance  of  the  receiving  point  from 
the  Heaviside  Layer. 

Consequently,  if  two  or  more  receiving  aerials  are  erected 
a  few  wavelengths  apart  and  each  one  individually  tuned 
to  the  required  signal,  and  the  output  of  each  mixed  subse¬ 
quent  to  rectification,  we  should  obtain  a  reasonably 
uniform  signal.  When  one  aerial  is  receiving  practically 
nothing  there  will  be  some  signal  in  one  at  least  of  the 
others,  and  in  practice  such  a  combination  usually  provides 
satisfactory  reception. 

Certain  difficulties  are  experienced  in  applying  this 
system  to  telephoru*  reception,  because  the  modulation  is 
not  always  in  phase  on  the  three  receivers.  To  overcome 
this,  square-law  detectors  are  used,  together  with  an  auto¬ 
matic  volume-control  device  following  the  detectors,  which 
operates  on  all  three  receivers  simultaneously.  Since  the 
square-law  detector  operates  much  more  effectively  on  a 
strong  signal  than  on  a  weak  one,  this  arrangement  ensures 
that  the  greater  part  of  the  output  obtained  from  the  system 
comes  from  the  particular  aerial  which  is  receiving  the 
best  signals  at  that  moment.  The  system  is  reasonably 
satisfactory  in  })ractice  and  is  used  to  a  considerable  extent. 

The  aerials  are  spaced  a  few  wavelengths  apart  and  the 
signals  are  brought  therefrom  by  means  of  radio-frequency 
feeder  lines  of  the  type  discussed  in  Chapter  III.  The  aerials 
themselves  may  be  of  any  suitable  type.  Beverage  aerials 
being  used  in  many  instances. 

Frequency  Diversity. 

A  somewhat  simpler  form  of  diversity  reception,  some¬ 
times  used  for  telegraphic  signals,  depends  upon  the  fact 
that  fading  depemds  to  a  considerable  extent  on  the  fre¬ 
quency.  On  short  wavelengths  a  variation  of  as  little  as 
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a  few  hundred  cycles  may  make  an  appreciable  difference 
to  fading.  This  is  a  serious  difficulty  with  telephony  recep¬ 
tion,  because  it  means  that  the  modulation  is  continually 
being  distorted,  all  the  bass  being  missing  at  one  instant  and 
all  the  treble  the  next. 

For  Morse  reception,  however,  this  trouble  does  not  arise, 
and  fading  may  be  countered  to  some  extent  by  transmitting 
a  modulated  signal.  Hence,  when  the  carrier  is  fading 
the  modulation  may  still  be  received  reasonably  well  and 
vice  versa.  The  method  is  not  so  effective  as  the  spaced 
aerial  arrangement  just  discussed,  but  it  is,  of  course,  much 
simpler. 

Ultra-Short  Wave  Aerials. 

The  types  of  receiving  aerial  systems  employed  for  ultra- 
short  waves  are  discussed  in  Chapter  XII.  They  are 
generally  similar  to  those  employed  for  the  transmission 
of  these  wavelengths,  and  constitute  a  special  branch  of 
the  subject. 

Anti-interference  Devices. 

One  of  the  principal  troubles  in  modern  reception,  par¬ 
ticularly  in  broadcast  receiving,  is  that  of  local  interference. 
Much  modern  electrical  apparatus  produces  electrical  dis¬ 
turbances.  These  take  the  form  of  very  rapidly  damped 
waves  of  various  frequencies,  and  they  have  the  same  effect 
as  a  plain  aerial,  a  form  of  transmitter  which,  as  explained 
in  Volume  I,  has  been  banned  for  many  years  owing  to 
its  very  broad  tuning  and  the  interference  which  it  causes. 

The  interference  is  transmitted  in  three  ways — 

(a)  Direct  radiation. 

(b)  Direct  conduction. 

(c)  Mains  radiation. 

The  first  is  self-explanatory.  The  interfering  currents  at 
the  source  generate  rapidly  damped  waves  which  are 
radiated  and  picked  up  by  the  receiver.  The  range  of  such 
interference  is  limited  to  10  or  20  yards,  and  this  form  of 
disturbance  is  most  troublesome  in  industrial  districts, 
though  lifts  and  even  household  appliances  such  as  re¬ 
frigerators  may  be  annojdng. 
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Direct  conduction  is  usually  low-frequency  in  character 
and  is  only  occasionally  encountered  in  the  case  of  sets 
operated  from  the  electric  mains.  It  usually  arises  from 
inadequate  smoothing  in  the  h.t.  supply  portion  of  the 
set  or  from  bad  layout  or  poor  earthing.  It  is  thus  mainly 
a  matter  of  design. 

Ninety  per  cent  of  the  interference  is  of  class  (c).  The 
interference  is  conducted  by  the  mains  acting  as  a  radio 
transmission  line  to  the  point  where  the  receiver  is  located 
and  is  then  re-radiated  on  to  the  receiving  aerial.  It  may 
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Fig.  sH  Suppression  Circuits  for  Filtering 
Mains-rorne  Interference 


travel  either  symmetrically,  going  out  on  one  main  and 
returning  on  the  other,  or  asymmetrically,  going  out  on 
both  mains  togc^ther  with  the  earth  as  a  return.  Both  forms 
are  encountered  and  the  interference  may  be  conducted 
in  this  way  several  miles  from  the  source. 

The  remedy  is  to  filter  the  mains  at  the  point  where 
they  enter  the  building  by  connecting  a  condenser  to  earth 
from  each  line  as  shown  in  Fig.  83.  The  arrangement  of 
Fig.  83(a)  is  used  for  d.c.  mains,  but  on  a.c.  the  centre 
point  is  live  until  it  is  earthed,  since  the  condensers  will 
pass  a.c.  through  the  body  of  the  operative.  The  circuit 
of  Fig.  83  (h)  is  thus  re(*ommended  as  the  earth  terminal 
is  then  always  dead. 

The  most  satisfactory  remedy,  of  course,  is  to  fit  suit¬ 
able  suppressors  at  the  actual  source  of  the  interference. 
The  sparking  at  the  brushes  of  a  motor,  for  example,  can 
often  be  prevented  from  causing  interference  by  connecting 
two  condensers  across  the  brushes  and  earthing  the  centre 
point.  The  radio-frequency  oscillations  generated  in  the 
motor  are  then  short-circuited  to  earth  through  the 
by-pass  condensers  and  prevented  from  travelling  along 
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the  mains,  which  in  the  normal  course  of  events  act  as 
aerials. 

In  other  cases  it  is  necessary  to  insert  radio-frequency 
chokes  in  the  leads  as  well  as  the  bypass  condensers,  while 
of  course  all  these  methods  only  prevent  the  radiation  of 
the  disturbance  from  the  mains  and  do  not  aifect  the  direct 
radiation  from  the  olfending  machine.  The  only  remedy 
against  this  latter  trouble  is  to  enclose  the  whole  machine 

in  a  shielding  box  of  heavy 
gauge  metal,  and  this  is 
not  always  practicable. 

The  subject  is  one  of 
some  complexity  and  num¬ 
erous  special  remedies  are 
available  for  particular 
circuits.  Electro-medical 
apparatus  is  very  trouble¬ 
some,  for  it  actually  uses 
radio-frequency  ciuTonts  and  is  thus  a  small  transmitter  of 
very  bad  noise.  It  can  only  be  silenced  by  enclosing  the 
equipment  in  an  (earthed  screened  room  and  filtering  all 
outgoing  mains  and  telephone  wires  inside  the  screen. 

Trams  and  trolley  buses  are  also  troublesome,  and  it 
is  becoming  the  practice  to  fit  special  h.f.  chokes  in  the 
trolley  arm  leads  and  also  in  severe  eases  to  connect  con¬ 
densers  from  the  overhead  lines  to  earth  every  hundred 
yards  or  so. 

The  reader  is  referred  to  a  paper  by  Col.  A.  8.  Angwin 
read  before  the  Institution  of  Post  Office  Electrical  Engi¬ 
neers,  entitled  “Interference  with  Wireless  Reception 
Arising  from  the  Operation  of  Electrical  Plant,”  also  to 
British  Standard  Specific^ation  No.  bl3,  and  to  Radio 
Interference  Su2)/)re.y,sio7i  (Chapman  &  Hall)  by  the  present 
author. 

Shielded  Lead  In. 

Apart  from  the  elimination  of  the  disturbance  at  the 
source  some  measure  of  relief  can  be  obtained  by  using 
a  shielded  down  lead  for  the  aerial.  The  aerial  is  provided 
with  a  short  horizontal  top  and  the  down  load  itself  is 
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enclosed  in  a  metal  tube  connected  to  earth.  The  fairly 
local  direct  radiation  from  interfering  plant  is  thus 
prevented  from  affecting  the  greater  part  of  the  aerial,  and, 
although  there  is  some  loss  in  the  effective  signal  strength 
received  from  the  required  signal,  the  overall  result  is  a 
marked  improvement. 

It  is  not  usually  practicable  to  emj)loy  an  actual  tube, 


Fig.  s.").  Shielded  Lead-in  Cable 

SO  the  lead  is  in  the  form  of  a  cable  having  a  fairly  large 
outer  diameter  which  is  covered  externally  with  a  light 
metal  braid.  Even  so,  the  capacity  between  this  earthed 
outer  covering  and  the  down  lead  provides  a  short  circuit 
for  the  signal-frequency  currents,  which  are  thereby  pre¬ 
vented  from  reaching  the  receiver  in  their  entirety. 

To  minimize  this  undesirable  loss  the  lead-in  is  sometimes 
supplied  with  high-frequency  transformers  at  both  top 
and  bottom  of  the  aerial.  The  voltage  picked  up  at  the 
aerial  head  is  stepped  down  through  the  first  transformer, 
consisting  usually  of  a  simple  tapped  coil.  The  capacitance 
currents  depend  upon  the  voltage  and  are,  therefore,  much 
smaller  than  before.  At  the  bottom  of  the  aerial  the  voltage 
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is  stepped  up  again  through  a  similar  transformer  before 
being  apphed  to  the  receiver.  While  there  is  some  loss 
in  this  process  it  is  usually  less  than  that  obtained  by 
leakage  if  the  transformers  are  not  used,  and  it  has  in 
fact  been  found  possible  to  employ  cables  of  relatively 
small  diameter  for  the  lead-in,  provided  this  impedance 
matching  is  used. 


EXAMPLES  VIII 

(1)  Calculate  the  optimum  aerial  coupling  for  a  trans¬ 
former  having  a  secondary  inductance  of  165  /iH.  and  a 
resistance  of  10  ohms  for  use  with  an  aerial  of  20  /iH.  and 
200  fXfxF,  at  a  frequency  of  800  k/c. 

What  will  be  the  step-up  with  this  transformer  at  this 
frequency  ? 

(2)  Calculate  the  distance  between  the  peaks  of  a  band¬ 
pass  tuner  having  =  Lg  =  mutual  induct¬ 

ance  =  3  fiVL,  at  frequencies  of  1  200,  900  and  600  k/c. 

What  would  be  the  difference  if  the  circuits  were  coupled 
through  a  common  inductance  of  3  /iH.  ? 

(3)  In  the  circuit  of  (2)  above  replace  the  mutual  in¬ 
ductance  by  a  common  capacitance  as  in  Fig.  89  (6).  What 
capacitance  will  be  required  to  give  the  same  peak  separa¬ 
tion  at  900  k  ’g.  ? 

What  would  be  the  peak  separation  at  1  200  and  600  k/c 
using  this  capacitance  ? 


CHAPTER  IX 

COUPLED  CIRCUITS 


Radio  communication  is  very  largely  concerned  with  the 
transfer  of  energy  from  one  circuit  to  another  usually  with 
one  or  both  circuits  tuned  to  resonance.  It  is,  therefore, 
of  importance  to  understand  the  mechanism  of  such  energy 
transfer  and  to  appreciate  the  reaction  of  one  circuit  on 
the  other. 

Reference  has  already  been  made  in  earlier  chapters  to 
this  interaction  and  to  the  double-frequency  effects  known 
as  double  humping  which  can  occur  in  certain  circum¬ 
stances.  The  complete  theory  of  coupled  circuits  is  apt 
to  be  involved  and  mathematical,  but  we  shall  consider 
here  some  of  the  simpler  cases  covering  most  of  the  circuits 
likely  to  be  encountered  in  practice.  The  reader  who  wishes 
to  investigate  the  subject  more  thoroughly  is  referred  to 
Electric  Oscillations  and  Electric  Waves  by  Pierce  or  High- 
frequency  Alternating  Currents  by  Mcllwain  and  Brainerd, 

Simple  Inductive  Coupling. 

Let  us  consider  first  of  all  a  simple  mutually  inductive 
arrangement  as  shown  in  Fig.  8().  As  explained  in  Volume  I, 


^2 


Fig.  8().  Simple  Magnetically  Coupled  Tuned  Circi  its 
* 

Chapter  VIII,  the  primary  current  induces  a  voltage  in 
the  secondary  which  produces  a  secondary  current.  This 
current  in  turn  induces  a  voltage  back  into  the  primary 
in  such  a  direction  as  to  limit  the  primary  current.  Thus, 
the  presence  of  the  secondary  causes  an  increase  in  the 
effective  resistance  of  the  primary  as  one  might  expect. 
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There  is  a  similar  effect  on  the  reactance,  but  we  must 
analyse  the  matter  more  closely  to  discover  just  how  these 
effects  operate. 

From  ordinary  a.c.  theory  we  can  write 
»i(i?i  +  =  e 

i  2^2  +  ~  0,  Zg,  being  the  impedance  of 

the  secondary,  including  the  reactance  of  the  transformer 
secondary. 

Thus  ig  =  —  jMcoiJZ^- 

Substituting  tliis  in  the  first  expression  we  have 

+  jXi)— ^  g 

Therefore  the  effective  primary  impedance 

=  e/ij  =  i?!  +  +  M-co^jZ^  since  ~  —  I 

ilf2co2  _  MW 
"  Zi  -  R^+  'jX^ 

Rationalizing  this  (see  Appendix)  we  have 
MW  MW(Ii^-jX.)  MW 
li,+'jX,--  R^^  +  Xi  -  Z\^ 

Hence  Z^'  =  R^  +  jXj^  +  (MWfZ^^)  (R^  —  jX^) 

Separating  resistive  and  reactive  terms,  we  obtain 

+  (MW^IZ^^)R^ 

X^'  ^  X^  -  (MWIZ^^)X^, 

From  these  basic  expressions  (which  the  reader  will 
recognize  as  having  appeared  on  several  occasions  in  pre¬ 
ceding  chapters)  we  can  calculate  the  primary  current  and 
estimate  the  behaviour  of  the  whole  network  as  far  as 
concerns  its  impedance  to  the  input  voltage  feeding  the 
primary. 

If  we  wish  to  calculate  the  secondary  currents  or  voltages, 
we  can  then  do  so  by  calculating  the  voltage  transferred 
according  to  the  usual  laws,  using  for  the  'primary  current 
the  modified  value  just  determined.  Thus,  in  a  simple  in¬ 
ductively  coupled  circuit 
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eg  =  —jMojii  where  ==  €/{Ri  +  jX^') 

This  follows  directly  from  the  fundamental  expressions 
stipulated  at  the  beginning  of  this  section. 


Tuned  Transformer. 

It  will  be  seen  that  the  primary  resistance  is  always 
increased,  but  the  reactance  is  decreased,  unless  and  Xg 
happen  to  be  of  opposite  sign.  Note  also  that  since  Xg 
can  be  made  zero  by  correct  choice  of  capacitance  or 
frequency,  so  can  Xj'  by  making  X^  =  (M'^io^lZ^)X2> 
The  tuning  point  therefore  will  not  occur  with  Xg  =  0, 
as  it  would  do  if  the  secondary  were  isolated,  but  a  some¬ 
what  higher  frequency  which  makes  Xg  positive  and  equal 
to  Xj.  Apart  from  this,  the  circuit  behaves  in  the  same 
way  as  the  secondary  would  have  done  by  itself,  giving  a 
resonance  curve  of  the  usual  form  (except  when  the  primary 
is  tuned  as  we  shall  see  shortly). 


Common  Reactance  and  Capacitance  Coupling. 


The  mechanism  is  obviously  similar  if  instead  of  a  mutual 
inductance  we  have  a  common  reactance  of  some  sort. 
With  a  portion  of  the  inductance  common,  as  in  Fig.  87(a), 
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for  example,  the  expression  Jfco  must  be  replaced  by  Lct>,  L 
being  the  common  inductance.  and  will  be  the  total 
primary  and  secondary  inductances. 

Alternatively  wo  could  use  a  capacitance,  as  in  Fig.  87(6), 
in  which  case  the  common  reactance  is  1/Oco,  and  the  ex¬ 
pressions  become 

X/  =  Xj  ~  XJGWZ^^ 
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Tuned  Primary. 

An  important  practical  case  arises  when  the  primary 
circuit  is  also  tuned.  The  complete  solution  is  complex 
but  usually  the  two  circuits  are  tuned  to  the  same  frequency 
which  enables  the  theory  to  be  simplified.  Let  us  examine 
such  a  case  and  assume  firstly  that  the  coupling  is  small 
so  that  there  is  negligible  interaction  between  the  circuits. 

As  the  frequency  is  varied  through  the  resonant  point 
the  current  in  the  primary  increases  to  a  maximum  and 
falls  off  again  according  to  the  normal  resonance  curve. 
The  voltage  transferred  to  the  secondary  will  rise  and  fall 
in  the  same  manner  and  the  secondary  current  will  vary 
even  more  sharply,  for  the  secondary  reactance  is  varying 
at  the  same  time. 

Hence  the  secondary  resonance  curve  is  very  sharp,  being 
in  fact  the  product  of  the  normal  curves  for  primary  and 
secondary  alone,  but  the  actual  peak  value  will  only  be 
relatively  small. 

We  can  increase  the  energy  transfer  by  “tightening” 
the  coupling,  but  the  interaction  between  the  circuits  then 
becomes  appreciable.  The  effective  primary  reactance 
=  Xj  —  Xg,  assuming  mutual  inductive  coup¬ 

ling,  and  this  Varies  with  frequency  in  a  peculiar  manner 
just  around  the  resonant  point. 

Double  Humping. 

At  resonance  X^  =  Xg  =  0  so  that  X^'  also  =  0.  The 
primary  current,  however,  is  not  a  maximum  because  the 
efiective  resistance  has  been  increased  by  {M^(x)^IZ^)R2 
—  since  the  secondary  is  tuned.  Once  the 

secondary  goes  off  tune,  however,  Z^  becomes  appreciable 
and  the  additional  load  introduced  by  the  secondary  faUs 
away  rapidly,  allowing  the  primary  current  to  increase. 

At  the  same  time  the  effect  of  the  secondary  on  the 
primary  reactance  is  varying.  If  the  frequency  rises  slightly, 
Xi  becomes  a  small  positive  value,  but  so  does  Xg,  and  since' 
Xi'  =  Xi  —  {M^o}^IZ\^)X2^  the  increase  in  X^'  is  checked. 

It  is,  in  fact,  possible  for  Xj  to  equal  (M^o}^IZ^)X2  so 
that  Xj'  again  becomes  zero  and  because  of  the  reduction^ 
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of  the  effective  primary  resistance  mentioned  above,  the 
current  at  this  now  resonant  point  may  be  greater  than 
before.  A  similar  effect  occurs  on  the  other  side  of  the 


Fto.  8h.  Primary  and  Secondary  Resonance  Curves 
FOR  Varying  Degrees  of  Coupling 

true  resonance  point,  so  that  the  primary  current  is  double¬ 
humped,  showing  two  apparent  tuning  points  as  in  Fig.  88. 

Secondary  Current. 

The  primary  current  =  e/Z^ 

Hence  the  secondary  current  ig  =  — 

=  —jMcoelZ^'Z^ 
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If  this  expression  is  expanded  by  writing  Z/  and  Zg  at 
length  it  becomes  ^  jMcoejlE^R +  M^co^ 

+  ^(^1-^2  +  -^1^2)] 

At  resonance  =  Xo  =  0  and  the  expression  simplifies  to 
ig  =  —  jMcoel(R^R2  +  AfW) 

This  is  a  maximum  when  the  two  terms  in  the  denomin¬ 
ator  are  equal  so  that  Mho^  =  R^R 2,  a  condition  which 
is  termed  critical  covpling  and  has  been  mentioned  in 
earlier  chapters. 

It  can  be  shown  that  up  to  this  critical  coupling  the 
secondary  resonance  curve  only  shows  one  tuning  point. 
Beyond  this  value  dc.uble  humps  appear  in  the  secondary 
current.  Moreover,  the  m£l,ximum  value  of  the  current,  even 
at  these  peaks,  is  always  less  than  the  value  with  critical 
coupling,  which  represents  the  maximum  possible.  In 
practice  the  reduction  is  not  serious  at  first  and  it  may 
be  desirable  in  particular  circumstances  to  j)ermit  double 
humping  to  occur.  The  secondary  peaks  become  pro¬ 
nounced  at  about  twice  critical  couj)ling. 

The  maximum  value  of  the  secondary  current  is  clearly 
—  jMoyef'lR^R^  (making  R^R^  =  A/W)  =  —  {R^R^ 

(writing  ^/(R^R^)  for  Mo)).  \i  R^  =  R^  —  R.  this  becomes, 
numerically,  simply  e/2J?,  i.e.  one-half  the  current  which 
would  flow  if  the  e.m.f.  were  aj)plied  to  either  circuit  alone. 

Selectivity. 

It  has  already  been  explained  that  the  selectivity  of 
the  secondary  with  weak  coupling  is  the  product  of  that 
of  the  two  circuits  individually.  As  the  coupling  increases 
the  resonance  curve  necessarily  becomes  broader.  With 
critical  coupling  it  is  intermediate  between  this  optimum 
value  and  that  of  the  secondary  alone  and  as  the  coupling 
becomes  tighter  it  tends  to  a  limit  equal  to  that  of  the 
secondary  alone  while  the  top  of  the  resonance  curve  shows 
marked  double  humps  as  already  explained. 

It  is  possible  to  determine  the  remote  channel  selectivity, 
i.e.  the  relative  response  several  channels  off  tune  by  use^ 
of  the  coupled  circuit  laws,  but  the  calculations  become 
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complex  and  the  calculation  is  of  minor  importance  because 
in  the  design  of  a  two-element  or  band-pass  filter  the  main 
consideration  is  the  shape  of  the  resonance  curve  near  the 
resonant  point. 

As  already  explained,  the  use  of  such  circuits  is  adopted 
to  provide  a  uniform  response  to  a  band  of  frequency 
immediately  adjacent  to  the  tuning  point  (i  5  to  10  kc.) 
so  that  the  side  bands  of  the  transmission  produced  by 
the  modulation  shall  be  received  at  full  strength  and  not 
attenuated  as  they  would  be  by  a  normal  resonant  circuit. 
To  calculate  the  shape  of  the  top  of  the  curves  it  is  necessary 
to  know  the  frequencies  at  which  the  peaks  appear. 

Frequencies  of  Peaks. 

V  The  frequencies  at  which  the  circuits  give  maximum 
response  are  those  at  which  the  primary  reactance  is  zero. 
In  other  words 

It  is  found  that  this  equation  is  not  substantially  affected 
by  the  secondary  resistance.  Hence  we  can  make  =  0, 
and  if  we  then  write  co  =  l/\/(LC')  and  the  coupling 
ffictor,  =  MI\/(LiL2)  we  obtain  the  simple  relation 

/  =  /oMi  ±*) 

where  is  the  usual  resonant  frequency  =  l/27r\/(LC) 
and  /  is  the  frequency  of  the  maximum  response^ 

The  shape  of  the  curve  depends  both  on  the  coupling 
factor  and  the  Q  {= LojJE)  of  the  circuits.  The  better  the 
circuit  the  more  “pronounced  the  humps  and  the  object 
is  to  make  the  top  of  the  curve  as  flat  as  possible.  This 
is  obviously  equivalent  to  making  the  secondary  current 
at  the  two  tuning  points  equal  to  that  at  the  true  resonant 
frequency  /o  and  by  use  of  the  equations  already  developed 
this  can  be  shown  to  occur  when  =  l*5/fc  where 

=  LiColB  and  The  cu^  in  Fig.  88  with 

Jc  =  0*015  shows  the  type  of  response  obtained.  4^ 

Under  these  conditions  the  voltage  across  the  secondary 
is  e\/(QiQ2)l2y  i.e.  one-half  the  voltage  developed  by  an 
equivalent  single  circuit,  which  is  a  natural  corollary  from 
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the  fact  already  mentioned  that  the  secondary  current  with 
critical  coupling  is  one-half  the  value  with  one  circuit  only. 

The  “pass  band”  of  the  filter  is  obviously  the  separation 
between  the  peaks  which  can  be  expressed  as  a  fraction 
of  the  normal  resonant  frequency. 

Pass  band  V(1  +  —  ^(1  — 

Resonant  frequency  “ 

which,  if  h  is  small,  reduces  simply  to  k. 

For  more  detailed  treatment  the  reader  is  referred  to 
the  articles  in  Wireless  Engineer  quoted  on  page  142. 

Other  Forms  of  Coupling. 

The  expressions  so  far  developed  apply  to  any  form  of 
circuit  provided  that  the  term  May  is  replaced  by  an 
equivalent  reactance.  Fig.  89  shows  four  types  of  circuit 
in  common  use. 


Fio.  89.  Typical  Band-pass  Aerial  Couplinos 
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Circuit  (a)  is  a  mutually  coupled  circuit  of  the  type  already 
discussed.  The  coils  may  be  coupled  in  part  as  shown, 
or  as  a  whole,  as  is  usual  in  i.f.  transformers,  the  coils 
being  mounted  in  the  same  screening  can  be  separated 
by  a  suitable  distance  to  give  the  required  couphng,  usually 
critical  coupling.  Alternatively  a  common  inductance 
may  be  used  in  which  case  Moj  is  replaced  by  Lcd.  In  all 
cases  Li  and  Lg  must  be  the  total  inductances,  including 
that  of  the  coupling  portions. 

Circuit  (6)  is  a  common-capacitance  coupled  arrangement 
in  which  Jlfco  is  replaced  by  l/C'co.  An  alternative  form 
is  shown  in  circuit  (c).  The  coupling  reactance  here  is  not 
so  easy  to  specify,  but  the  circuit  can  be  converted  to 
the  form  of  circuit  {a)  by  using  the  transformations  quoted 
in  the  Appendix.  If  this  is  done  we  arrive  at  the  following — 

C'l  =  G'lC, 

=  07(73 
c  =  07(7„ 

where  T'  =  +  CqC^. 

Free  Oscillation. 

Where  the  coupled  circuits  are  not  provided  with  a  source 
of  e.m.f.,  but  are  allowed  to  oscillate  naturally,  e.g.  in  a 
valve  oscillator,  similar  effects  occur  with  certain  important 
reservations.  If  the  coupling  is  weak,  the  energy  in  the 
primary  is  partially  transferred  to  the  secondary,  the 
remainder  being  dissipated  in  primary  losses. 

As  the  coupling  is  increased  the  energy  transfer  increases 
to  an  optimum  after  which  an  unstable  condition  occurs 
in  which  the  energy  surges  backwards  and  forwards 
from  one  circuit  to  the  other  as  explained  in  Volume  I, 
producing  a  comj)lex  double-frequency  oscillation.  The 
'  critical  conditions  to  avoid  this  may  best  be  arrived  at 
by  considering  the  frequ(‘ncies  at  which  the  circuit  will 
oscillate. 

The  theory  is  simplified  if  we  assume  that  both 
primary  and  secondary  circuits  are  tuned  to  the  same 
angular  frequency  co.  Let  us  then  assume  that  the  two 
^  frequencies  of  the  system  are  co  +  (Set)  and  co  —  doi. 
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At  the  upper  frequency 

Xj  =  L^((jd  +  do))  —  l/C'i(co  +  d(o) 

_  +  dayf-  1 

Ci{(a  +  dw) 

IjjC-j^ci)^  —  ^  H”  ^L-JJ-^(od(o 
Oi((u  -[-  dco) 

neglecting  the  term  involving  (dco)^,  which  is  very  small. 


Now  =  1,  and  since  do)  is  small  co  +  do)  =  w 

nearly.  The  expression  then  simplifies  to  =  2L^do). 

Similarly,  X^  =  2L^dco. 

The  primary  reactance  X^'  =  X^—  (il/“mV-^2^)X2,  and 
if  the  circuit  is  self- oscillating  it  will  choose  a  frequency 
such  that  Xj'  =  0. 


2L^doj 


M^o>^2L^(o 
+  4:L2^d(x)^ 


i.e.  %L^L^doy^  +  (2L^li^  —  2L2M^co^)6co  =  0 


This  has  three  roots,  namely, 


(5co  =  0  and  5ft)  =  4: 


M2ft>2 

LjLg 


If  the  circuit  is  to  be  mono-oscillatory  the  second  two 
roots  must  be  imaginary,  which  means  that  the  expression 
under  the  root  sign  must  be  negative.  Hence 


or  M  <  (RJcoL^)  Vi^-ih) 

which  is  the  criterion  quoted  on  page  8. 

The  volt-ampere  criterion  mentioned  on  page  25  follows 
from  this  and  is  sometimes  a  more  convenient  way  of 
stating  the  conditions. 

The  existence  of  three  possible  frequencies  may  come  as 
a  surprise  to  the  reader  who  is  accustomed  to  consider  a 
coupled  circuit  as  having  only  two  modes  of  oscillation. 
It  should  be  noted,  however,  that  if  M  is  greater  than  the 
critical  value  the  frequency  given  by  dco  =  0  (/  =  /o)  is 
unstable.  '' 
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Suppose  /  increases  slightly.  Then  is  no  longer  zero 
and  Xi  is  reduced.  The  resonant  frequency  rises  accord¬ 
ingly  and  the  current  rapidly  slides  into  the  upper  stable 
frequency  corresponding  to  the  positive  value  of  dm. 
Similarly  if  the  frequency  falls  the  circuit  immediately 
takes  up  the  lower  value  of  oscillation,  and  stable  condi* 
tions  only  obtain  with  one  or  other  of  these  two  modes. 


CHAPTER  X 

FILTERS  AND  ATTENUATORS 

It  is  often  necessary  in  communication  practice  to  cut  off 
or  attenuate  certain  frequencies  while  accepting  others. 
We  do  this  by  passing  the  current  through  a  network  of 
inductances  and  capacitances  arranged  in  suitable  sequence. 
Such  a  system  is  known  as  a  filter. 

Simple  L-section. 

The  simplest  type  of  filter  is  illustrated  in  Fig.  90. 
We  are  interested  in  the  voltage  on  the  output,  which  is 


il2 


Fig.  90  Simple  L-section  Filter 

that  developed  across  the  condenser.  Assuming  we  have 
no  other  load  on  the  circuit  the  only  current  is  that  flowing 
through  the  inductance  and  capacitance  in  series.  At  low 
frequencies  this  will  be  small  owing  to  the  high  reactance 
of  the  condenser.  The  reactance  of  the  inductance  will 
be  small,  and  hence  practically  the  full  voltage  will  appear 
across  the  condenser. 

As  we  raise  the  frequency  the  voltage  drop  on  the 
inductance  increases  until  we  reach  the  point  where  the 
values  of  L  and  C  resonate  with  the  applied  frequency. 
Here  we  have  an  equal  distribution  of  the  voltage,  half 
being  dropped  on  the  inductance  and  the  other  half  on 
the  condenser,  but  due  to  the  resonance  the  total  reactance 
is  reduced  and  the  current  increases  accordingly.  Hence, 
the  voltage  on  the  condenser  can  exceed  the  input  voltage 
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just  as  in  any  ordinary  resonant  circuit,  and  we  actually 
get  a  rise  in  the  voltage  at  the  end  of  the  filter. 

Beyond  this  point  the  voltage  on  the  condenser  begins 
to  fall  off  rapidly  and  we  obtain  a  cut-off,  the  actual 
characteristic  being  as  shown  in  Fig.  91. 

Now  a  simple  L-section  filter  such  as  this  is  of  limited 
use.  For  one  tiling,  the  cut-off  is  only  gradual,  and  a 


Fig.  91.  Transmission  Characteristics  of  Fig.  99 
Circuit 

better  filter  can  be  obtained  by  connecting  several  sections 
in  cascade.  If  this  is  done,  we  obtain  a  network  rather 
like  that  of  the  transmission  line  discussed  in  Chapter  III, 
and,  for  the  reasons  there  explained,  it  is  necessary  to 
see  that  the  various  sections  are  suitably  matched  to  one 
another  and  to  the  terminal  load.  Otherwise,  reflection 
will  occur,  with  consequent  waste  of  energy,  resulting  in 
imperfect  transmission. 

T-  and  7r-sections. 

Let  us  examine  the  impedance  of  a  few  typical  filter 
sections.  Fig.  92  shows  a  general  case  of  a  composite  filter. 


2m  2m 


This  can  be  split  up  into  two  types  of  section.  One  is  the 
T-section  as  shown  in  Fig.  93(a).  Here  the  series  impedance 
is  split  into  two,  one  half  on  each  side.  A  number 
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of  these  sections  placed  in  cascade  will  obviously  be 
equivalent  to  the  original  network. 

We  can,  if  necessary,  split  the  section  into  two  half 
sections  as  at  Fig.  To  do  this,  the  shunt  impedance 


^7 


Fig.  93.  T-section  Filters 


is  replaced  by  two  impedances  each  twice  as  great,  so  that 
the  two  in  parallel  give  the  original  value. 

The  second  type  is  the  Tr-section  shown  in  Fig.  94.  Here 
the  series  impedance  is  the  full  value,  while  the  shunt 
impedances  are  each  twice  the  original  value.  This  network 
is,  in  fact,  two  half  T-sections  placed  end  to  end.  The 


^5  hl2  4/2 


(OS)  (b) 


Fig.  94.  tt-section  Filters 

TT- section  can  also  be  split  into  two  half  sections  which 
are  identical  with  the  T  half-sections. 

The  T-section  is  also  known  as  the  mid-series  termination 
and  the  7r-scction  as  the  rnid-shimt  termination. 

General  Filter  Equations. 

Let  us  now  examine  the  impedance  of  these  typical 
sections.  For  simplicity  we  will  assume  that  the  sections 
a^e  symmetrical,  as  shown,  but  otherwise  the  impedances 
are  unrestricted.  Consider  first  the  mid-series  or  T-section 
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(Fig.  93).  We  can  write  down  the  following  expressions 
for  the  impedance  of  the  filter  viewed  from  the  input  end — 
Zo  =  impedance  with  far  end  open  (Z^  =  oo) 

==^1  +  ^2 . (1) 

Z,  —  impedance  with  far  end  short-circuited  (Z^  =  0) 


^1  + 


Z1Z2 


^1+^2 . 

Z  =  impedance  with  impedance  Z^  across  output 

—  7  4_  ^^2  {^1  +  ^r) 

"  ■  Z,  +  Z^  4  Z, . 


(2) 


(3) 


Iterative  Impedance. 


A  case  of  particular  importance  arises  if  Z  =  Z^  so  that 
the  input  impedance  is  equal  to  the  load  or  terminal 
impedance.  Let  Zj^  be  the  particular  value  of  Z^  which 
satisfies  this  condition.  Then,  from  (3)  above,  we  have 
,  ,  Z^(Z,  +  Z,) 

+  +  4  +  2^ 


Zi^Zj^  -f-  Z^Zj^  -f-  —  Z^  +  ZjZ2  -f~  Z^Zf^  -j-  Zj^Z2-f 

Cancelling  out  Z^Z^.  and  ZgZ^j.  on  both  sides  we  have 
Z,2  =  Zi2  +  2Z,Z2 
or  Z,  =  +  2Z2)]. 

This  is  known  as  the  iterative  or  surge  irrvpedance  of  the 
filter  and  is  important  for  the  following  reason:  If  the 
filter  “looks  like”  Z^  we  can  terminate  it  either  with  a 
load  Z^  or  by  another  filter  section ,  provided  this  is  also 
terminated  by  the  iterative  impedance  Z^,  and  so  on 
indefinitely.  Thus,  the  condition  for  non -reflection  in  a 
multi -section  filter  is  that  each  section  shall  be  terminated 
with  its  correct  iterative  impedance. 

It  is  worth  noting,  in  passing,  that  Z^  =  V Z^Z,,  as  the 
reader  may  verify  for  himself. 

The  iterative  impedance  may  be  written  in  another  form 
which  is  sometimes  useful.  If  Z^  is  the  total  series  imped¬ 
ance  (=  2Zj^  and  Z^  is  the  total  shunt  impedance  (=  Zj), 
we  can  write 


Zk  =  V[^Tn^n(l  +  p)] 


where  p  =  Z 

We  shall  see  the  advantage  of  this  form  in  a  moment. 
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Mid-shunt  Termination. 

Let  us  now  consider  the  mid-shunt  or  7r-section.  We 
treat  this  in  the  same  way  as  before,  and  once  again  we 
can  dedu('e  the  iterative  impedance.  This  is  found  to  be 


If  again  we  write  for  the  total  series  impedance 
(=z  Zj),  and  for  the  total  shunt  impedance  (=  ZJ2)y 
we  have 

Z,'  =  V[Z,nZJ(i  +  />)]. 

Thus,  the  only  difference  between  the  mid-series  and 
mid-shunt  termination  is  in  the  position  of  the  factor  (1  p)  ^ 
and  these  expressions  for  Zj^  in  terms  of  Z^^  and  Z^  are 
easier  to  memorize  accordingly. 

Cut-off  Frequency. 

The  complete  solution  of  a  filter  network  involves  mathe¬ 
matical  treatment  a  little  beyond  the  scope  of  this  book, 
and  a  simplified  treatment  will  be  given.  Consider  a  half¬ 
section  mid-series  terminated,  which  is  equivalent  to  the 
simple  L-section  discussed  at  the  beginning  of  the  chapter 
(Fig.  90).  The  current  through  the  section  is 

jcoL/2  +  l/jcoC 

The  voltage  across  the  output  is  the  condenser  voltage,, 
which  is 

T.  _  V, 

j(oC  j(aC{j(oLI2  +  lljcoC)  l-a>’‘LCI2' 

Hence  the  ratio  of  Fg  to  Fj  is 

2l(2~oj^LC). 

If  col^LC  =  2,  this  is  infinity.  This  corresponds  to  the 
simple  resonance  previously  mentioned,  though  in  practice 
Fg  does  not  rise  to  infinity  owing  to  the  presence  of  resis¬ 
tance  in  the  circuit.  If  col^LC  =  4,  the  expression  =  -  1, 
giving  the  same  voltage  at  the  output  as  on  the  input 
(but  with  a  change  of  phase). 

Beyond  this  the  output  voltage  falls  off  continuously, 
and  hence  this  point  is  called  the  cut-off  point. 
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Now,  we  may  rewrite  this  expression  as  follows — 

—  (o^LC  _  imL 

-  - 1  =  -jj^^  -  -  p. 

Hence  the  cut-oflF  point  of  a  filter  is  obtained  when  p  =  —  1. 

This  is  not  a  rigid  proof,  but  the  fact  is  true  and  is  in 
a  convenient  form.  It  applies,  whatever  the  form  of 
and 

Low-pass  Filters. 

We  have  seen  that  with  this  type  of  filter,  voltage  is 
transmitted  with  little  attenuation  up  to  the  cut-off  point, 
after  which  the  output  voltage  falls  off  rapidly.  Hence, 
this  type  of  network  is  known  as  a  low-paas  filter.  Let 


Fig.  9’).  Vabiation  or  Iterative  Impedance  with 
Frequency  (Low -pass  Filter) 


US  continue  the  analysis  further.  The  total  series  impedance 
IS  ja)L  and  the  shunt  impedance  The  mid-series 

iterative  impedance  is  thus 


4- 

^  4/jcoC 


)] 


from  the  general  ex¬ 


pression  given  on  yiage  165 


Mcy 

^)s 
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Now  the  cut-off  occurs  when  co^LC  —  4,  at  which  point 
Zj^  —  0.  When  a)  =  0,  \/{LIC).  Hence,  over  the 

“pass”  range  of  the  filter,  the  iterative  impedance  falls 
from  \/ (L/C)  to  0,  varying  slowly  at  first  and  then  rapidly 
as  the  cut-off  frequency  is  approached;  after  which  it 
becomes  complex.  We  are,  however,  not  interested  in  this 
region  beyond  the  cut-off  point. 

Note  that  has  the  dimensions  of  a  resistance  over 
the  whole  of  the  pass  range,  and  the  terminal  load  should, 
therefore,  be  non-reactive.  The  value  of  Zj^\  the  mid-shunt 
iterative  impedance,  can  be  worked  out  by  the  reader. 
It  will  be  found  to  vary  between  y'(L/C')  and  infinity  over 
the  pass  range. 

This  variation  of  the  iterative  impedance  is  unavoidable 
with  a  simple  filter,  but  over  the  majority  of  the  pass 
range  the  value  is  not  very  different  from  -^/(Z/C),  as  shown 
in  Fig.  95.  Hence  this  value  is  usually  used  in  filter  cal¬ 
culations. 

Constant-K  Filters. 

If  the  product  of  the  series  and  shunt  impedances  is 
constant  at  all  frequencies  so  that  Z^Z^  =  the  filter 
is  said  to  be  a  constant- A"  type.  The  simple  low-pass 
filter  just  described  is  of  this  type,  and  it  should  be  noted 
that  for  this  law  to  hold  good  the  series  and  shunt  impe¬ 
dances  must  be  inverse,  i.e.  if  one  increases  with  frequency 
the  other  must  decrease  at  the  same  rate. 

With  the  simple  low-pass  filter,  Z^^^  --  j(oL  and 
—  lljcoC,  so  that  Z^Z^  —  jwL  .  IjjwC  —  LjC  =  where 
li  is  the  iterative  impedance.  Hence,  for  a  simple  T-section 
filter  terminated  in  a  load  7?,  we  can  define  L  and  C 
exactly,  as  follows — 

L  =  BIttJ, 
and  C  = 

where  is  the  cut-off  frequency. 

High-pass  Filters. 

If  we  wish  to  attenuate  the  low  frequencies  we  use  a 
high-pass  filter  as  shown  in  Pig.  96.  This  works  in  just 
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the  opposite  manner  from  that  just  described.  It  will 
accept  frequencies  above  a  certain  value,  but  will  cut  ofiP 
below  the  critical  frequency.  Here,  again,  we  can  work 
out  the  action  of  the  filter  from  simple  resonant  theory, 
or  by  making  p  ~  —  1 .  Either  method  gives  ==  1 , 

which  corresponds  to  a  frequency  0-7  times  the  resonant 
frequency  (and  not  l-4/o  as  before,  which  is  obvious 


2C  C  1C 


Fig.  96.  High-pass  Filter 


when  one  considers  that  we  are  running  through  resonance 
from  a  higher  frequency  this  time). 

The  iterative  impedance  is  calculated  as  before  and 
is  found  to  be 


4oy-/vC')  ■ 


At  cut-off,  when  4:Co^LC  =  1,  this  is  zero,  while  at  fre¬ 
quencies  above  this  (we  are  not  interested  in  lower  frequen¬ 
cies  which  are  not  in  the  pass  range)  the  value  rapidly 
rises  and  tends  to  a  limiting  value  y  (L/O).  This  is  similar 
to  the  low-pass  case  if  the  frequency  is  assumed  to  vary 
from  infinity  down  to  cut-off  instead  of  from  zero  wp  to 
cut-off. 

The  filter  is  a  constant-iL  one,  and  if  we  put  Z^Z^  =  i?- 
we  have 

L  =  BIAttJ, 
and  C  =  l/47r/,/J. 


Derived  Filters. 

A  series  of  sections  of  a  simple  filter  network  will  provide 
a  cut-off  of  increasing  sharpness  as  the  number  of  sections 
is  increased.  It  is,  however,  possible  to  improve  the  cut¬ 
off  with  a  smaller  number  of  sections.  For  example,  if 
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we  include  a  tuned  circuit  in  the  shunt  arm  of  the  filter, 
such  as  is  shown  in  Fig.  97(a),  we  shall  obtain  a  point 
where  the  attenuation  is  complete,  for  when  U  and  C 
resonate,  the  voltage  across  the  points  AB  will  be  zero 
(assuming  that  the  resistance  in  the  network  is  negligible). 
On  the  other  hand,  beyond  this  point  the  voltage  at  the 
output  will  commence  to  rise  and  we  shall  obtain  a  charac¬ 
teristic  somewhat  similar  to  that  shown  in  Fig.  97(6). 


Fia.  97.  Derived  Filter 

By  including  an  inductance  in  the  shunt  arm  wc  can  obtain  complete  cut-off 


It  is  obviously  desirable  that  this  derived  filter,  as  it  is 
called,  should  have  the  same  cut-off  frequency  and  the 
same  iterative  impedance  as  the  'prototype  from  which  it 
was  obtained.  Assuming  a  mid-series  termination  again,  if 
we  multiply  by  a  constant  w,  and  divide  Z^  by  the  same 
constant,  we  have  a  filter  having  the  same  cut-off  but 
different  impedance.  To  comply  with  the  latter  condition, 
therefore,  we  make  the  additional  impedance  in  the  shunt 
arm  equal  to  Z-^(\  —  m^)l2m,  so  that  the  total  shunt  im¬ 
pedance  becomes 

Zg/m  +  Z^(\  —  m^)l2m,  as  shown  in  Fig.  98. 

This,  in  conjunction  with  the  modified  series  impedance 
mZj,  will  give  the  same  value  of  Zj^  as  for  the  simple  filter, 
as  the  reader  can  verify  for  himself. 

The  additional  impedance  must,  of  course,  be  of  the  same 
type  as  Z^  and  the  inverse  of  Zg  (e.g.  if  Zg  is  a  condenser 
the  additional  impedance  is  an  inductance),  and  the  fre¬ 
quency  of  maximum  attenuation  is  given  by  the  resonance 
condition  between  the  two  shunt  impedances.  This  can 
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be  shown  to  be  a  times  the  cut-off  frequency  /g,  where 
a  =  l/\/(l  ““  for  a  low-pass  filter  and  \/(l  —  m^)  for 
a  high-pass  filter. 

Now  m  may  be  any  arbitrary  number,  but  a  case  of 
special  importance  arises  if  m  =  0*6,  for  then  the  mid-shunt 


Zy  mZ^ 


Fig.  98.  Mid-ssbies  w-debived  Filter  Section 


iterative  impedance  is  constant  and  equal  to  \/(LIC)  for 
the  greater  part  of  the  pass  band.  When  m  =  0*6,  a  =  1*25 
or  0*8  according  to  the  type  of  filter,  which  results  in  a 
very  sharp  cut-off  as  shown  in  Fig.  101. 

We  can,  if  desired,  obtain  a  derived  filter  from  a  mid¬ 
shunt  or  TT-section  as  shown  in  Fig.  99.  Here  a  similar 


Fig.  99.  Mid -shunt  m-DERivED  Filter  Section 


procedure  is  adopted.  We  multiply  the  series  impedance 
by  m  and  divide  the  shunt  impedance  by  the  same  amount. 
Then  we  connect  across  the  series  impedance  an  inverse 
impedance  =  [2m/(l  —  With  this  filter,  if  m  =  0*6, 

the  mid-series  iterative  impedance  is  constant  over  the 
greater  part  of  the  pass  band. 
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Multi-section  and  Composite  Filters. 

Filter  sections  of  simple  or  derived  types  may  be  joined 
together  provided  they  have  corresj)on^ng  terminations. 
Thus,  a  mid-series  termination  can  be  joined  to  another 
mid-series  termination,  but  not  to  a  mid-shunt  termination. 


Zh 


(cl)  Prototype 


ib)  m- derived  (c) Derived  section 

section  spilt  m  two 


ttiZol 

hrr} 


I 


id)  Half  sections  of  derived  filterjinked 
up  with  single  section  of  prototype. 

Fig.  1()0  Illvstrativg  Construction  of  Composite 
Filter 


Suppose  now  we  wish  to  make  up  a  filter  consisting  of 
one  derived  section  and  one  simple  section.  Fig.  100  shows 
an  example  of  how  this  may  be  done.  First  of  all  we 
derive  a  mid-shunt  section.  Then  we  split  this  into  two 
half  sections.  Next,  to  the  end  of  the  derived  section,  we 
connect  a  simple  raid-shunt  or  7r-section,  and  to  the  end 
of  this  we  connect  the  front  half  of  the  derived  filter. 
Thus  internally  we  have  mid-shunt  terminations  adjacent 
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to  one  another,  so  avoiding  reflection,  while  viewed  as  a 
whole  the  filter  has  mid-series  termination,  which  as  we 
have  seen  gives  a  practically  constant  iterative  impedance. 

Fig.  101  shows  the  response  curve  of  a  filter  of  this  type. 
Curve  B  is  that  of  the  derived  filter  giving  a  sharp  cut-off 
but  starting  to  pass  frequencies  above  the  maximum  atten¬ 
uation  point.  Curve  A  shows  the  gradual  cut-off  of  the 
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Fifi.  JiH,  Typical  Composite  Filter  with 
Transmission  Characteristics 


simple  section  with  heavy  attenuation  later  on.  Curve  C 
is  the  combination  of  the  two,  giving  a  sharp  cut-off  and 
over  30  db.  attenuation  thereafter. 

Band-pass  Filters. 

Filters  are  sometimes  required  which  will  accept  a  band 
of  frequency  only.  These  are  made  up  by  using  two  filters 
in  series,  one  a  high-pass  filter  whicli  is  designed  to  cut 
off  all  frequencies  below  the  lowest  frequency  in  the  band, 
and  the  second  a  low-pass  filter  which  cuts  off  all  frequencies 
above  the  highest  desired  frequency.  Provided  that  the 
filters  are  suitably  matched  to  one  another  so  that  their 
iterative  impedances  are  equal,  and  equal  to  that  of  the 
input  and  the  output  circuit,  frequencies  within  the  band 
are  transmitted  practically  unattenuated. 


zouoo 
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Propagation  Constant  and  Phase  Angle. 

The  data  given  will  enable  practical  filters  to  be  designed 
though  the  reasons  for  their  behaviour  have  been  somewhat 
briefly  treated.  It  is  difficult  to  discuss  their  behaviour 
more  fully  without  recourse  to  mathematics.  A  factor 
which  arises  in  the  complete  solution  is  the  ^propagation 
constant,  which  is  the  ratio  between  the  output  and  input 
voltage  per  section. 

For  a  filter  correctly  terminated  with  an  impedance 
equal  to  the  iterative  impedance  V  =  The  ex¬ 

ponent  y  is  called  the  propagation  constant  and  obviously 
equals  log^  F/Fq.  It  is  not  really  constant  since  it  is  a 
complex  quantity  containing  a  resistive  and  reactive  com¬ 
ponent,  and  hence  varies  with  frequency. 

If  we  write  y  =  a  +  i/S  it  is  found  that  over  the  pass 
range  of  the  filter  {p  =  0  to  p==— 1)  a,  the  attenuation 
constant,  is  zero  and  jS,  the  phase  constant,  is  2  sin”^  V  —  />. 
Thus  when  p  =  0  there  is  no  phase  shift  while  at  the  cut  oflF 
frequency  (p  =r  —  1)  the  phase  shift  is  2  X  7r/2  =  180°. 

This  is  best  understood  by  referring  to  the  simple  filter 
of  Fig.  90.  As  we  increase  the  frequency  the  output  voltage 
gradually  changes  in  phase,  but  remains  of  the  same 
numerical  value  until  the  cut  oS  frequency  is  reached  when 
it  has  changed  phase  completely.  Beyond  this  point  the 
phase  remains  the  vsame  but  the  voltage  begins  to  fall  off. 

Actually  in  Fig.  91  the  voltage  is  sliown  rising  to  a  peak 
just  before  the  cut  ofi',  but  this  is  because  the  filter  is  not 
correctly  terminated.  If  a  load  resistance  of  the  coiTect 
value  is  placed  across  the  output,  this  resonant  rise  will  be 
checked. 

Effect  of  Resistance. 

In  a  practical  filter,  of  course,  the  impedances  are  not 
pure  reactances.  The  eflect  of  resistance  in  the  network 
is  to  cause  some  attenuation  in  the  pass  region,  while  the 
change  of  phase  is  delayed.  At  cut  off  it  does  not  reach 
180°  and  may  never  do  so.  Fig.  102  illustrates  the  effect 
for  a  single  section  in  terms  of  the  phase  angle  of  the 
ratio  p  =  ZJ^Z„. 
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B^With  pure  (inverse)  reactances  (jy  =  180^,  and  under  such 
ideal  conditions  the  attenuation  constant  a  is  zero  in  the 
pass  band  (up  to  p  ~  —  1)  and  then  rises  sharply.  Similarly 
the  phase  constant  ft  shows  a  gradual  change  in  the  phase 
of  the  output  from  zero  to  tt  (complete  reversal)  after  which 


0  0‘5  hO  hS  2  0  0  O'S  VO  V5  20 


P  P 

Fig.  102.  The  Effect  of  Resistance  on  the  Attenuation 
Constant  (a)  and  the  Phase  Constant  (/S) 

(The  values  of  p  are  all  negative.) 

there  is  no  further  phase  shift  but  only  attenuation  as 
already  mentioned. 

The  presence  of  even  a  small  amount  of  resistance  spoils 
this  ideal  action.  The  filter  does  not  transmit  signals  with¬ 
out  loss  even  in  the  pass  band  and  as  will  be  seen  with  ^  = 
160°  the  loss  at  the  cutoff  point  is  not  zero  but  IdB — more 
than  2  :  1  down  so  that  we  shall  only  obtain  half  the  correct 
output.  Moreover,  the  cut  off  is  no  longer  sharp  but  grad¬ 
ual,  while  as  we  introduce  still  more  resistance  conditions 
become  steadily  worse  until  when  (^  —  120  there  is  no  filter 
action  but  merely  a  progressive  attenuation. 

The  phase  shift  is  also  reduced  and  continues  to  increase 
beyond  the  cut  oflF  point.  When  (jy  ^  0,  corresponding  to  a 
simple  resistance  network,  there  is  no  phase  shift  at  all  and 
we  merely  obtain  a  fixed  attenuation  determined  by  the 
value  of  p. 

It  is  clearly  essential  to  reduc'e  the  resistances  to  a  mini¬ 
mum.  Even  when  (fy  is  160°  we  have  largely  destroyed  the 
filter  action'.  A  phase  angle  of  160°,  however,  is  quite  poor. 
If  we  assume  the  resistance  to  be  all  in  the  inductance  it  is 
easy  to  show  that  0  =  tt  +  tan  Q,  where  Q  =  LcdJR. 
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On  this  basis  (j)  =  160°  is  obtained  with  a  ^  of  2*7  only. 
It  is  easy  to  obtain  a  Q  at  least  ten  times  as  high,  which 
makes  </>  —  178°,  under  which  conditions  the  performance 
will  not  be  seriously  different  from  the  ideal.  The  figures 
in  the  pass  band  for  values  of  (j)  near  to  180°  are  shown  in 
Fig.  103. 


p 

Fic  103.  AxTrNi  ATiON  Curves  for  P’ilters 

CO>TAINING  Ri:STSTA1n  f  U 


Effect  of  Mismatching. 

The  performancc‘  Ixdh  in  and  beyond  tlie  pass  band  is 
seriously  affected  if  the  matching  is  incorrect.  A  detailed 
discussion  of  this  point  is  apt  to  be(*ome  uivolved,  though 
the  calculations  are  simplified  if  we  only  consider  sym¬ 
metrical  sections,  as  lias  been  done  here. 

The  curves  of  Figs.  102  and  103  are  for  a  filter  terminated 
in  its  correct  (iterative)  imjiedance,  but  we  have  seen  (Fig. 
95)  that  this  is  not  constant.  Zj^  is  actually  zero  at  the  cut 
off  point  so  that  no  fixed  value  of  resistance  can  give  correct 
matching  over  the  whole  of  the  pass  band. 

Fig.  104  shows  the  effect  of  terminating  the  filter  with  var¬ 
ious  values  of  resistance.  There  are  four  curves  as  follows — 
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(1)  Terminating  resistance  P  equal  to  the  surge  resist¬ 
ance  M(—\/(LIC)).  This  gives  negligible  loss  until 
p  —  — -O-G,  after  which  a  gradually  increasing  loss  appears. 
There  is  no  sharp  transition  at  the  cut  off  point  p  =  —1, 
and  the  loss  in  the  stop  band  is  appreciably  less  than  the 
ideal. 


P 

Fig.  104.  ErrccT  oii  M4Trnr>iG  on  Perfokmance 


(2)  P  -  RjM).  Here  there  is  jierfect  transmission  at 
the  cut  off  point  and  a  very  steep  cut  off'  thereafter,  but 
there  is  a  serious  loss  in  the  pass  band. 

(3)  P  —  i?/2.  This  is  a  compromise  giving  a  small  loss 
in  the  jiass  band,  and  a  rather  stee])er  cut  off  than  with 
P  -  R. 

(4)  P  -  M)R.  H(^re  all  trace  of  filter  action  has  been 
lost . 

The  ideal  matching  curve  is  shown  dotted  for  comparison. 
With  P  ^  Zf^  there  is  zero  loss  up  to  cut  off  and  a  rapidly 
rising  loss  thereafter. 

All  these  curves  apply  to  a  mid  series  section,  either  low 
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or  high  pass,  and  show  that  the  terminating  impedance 
should  not  exceed  E  and  may  often  be  made  appreciably 
less  with  advantage.  The  eflFect  of  mismatching  is  reduced 
if  several  (correctly  matched)  sections  are  used  in  series 
because  the  intervening  sections  are  then  ideally  terminated. 

The  tendency  in  practice  is  to  design  the  filter  for  a  cut 
off  somewhat  short  of  the  theoretical  point — e.g.  if  we 
require  to  accept  frequencies  up  to  1  000  c/s  we  should 
design  the  filter  with  a  cut  off  at  about  1  300  c/s  and  use 
P  =  E  OT  possibly  E/2. 

For  a  mid-shunt  section  Zj^  varies  between  \/{L/(^)  and 
infinity  over  the  pass  band.  Hence  wuth  such  a  filter  inverse 
reasoning  will  apply  so  that  w^e  should  tend  to  the  use  of 
higher  loads  than  E.  The  E/2  curve  will  be  obtained  with 
P  —  2E  (very  nearly)  and  so  on,  so  that  with  this  type  of 
section  the  filter  action  is  destroyed  if  E  is  too  low. 

With  this  simple  treatment  we  must  leave  the  subject. 
The  reader  desiring  further  information  can  refer  to 
High  Frequency  Alternating  Currents,  by  Mcllwain  and 
Brainerd. 

Equalizers. 

An  equalizer  is  a  network  intended  to  counteract  irregu¬ 
larities  in  supply  or  arising  from  an  uneven  amplification 
in  the  circuit.  A  gramophone  pick-up,  for  example,  gives 

better  response  at  some  fre¬ 
quencies  than  others,  but 
this  could  be  corrected  by 
connecting  an  (Hjualizer 
across  the  circuit  which 
accentuated  the  frequencies 
in  which  the  pick-up  was 
deficient  and  vice  versa. 
Similarly,  an  amplifier  or 
transmission  line  may  have 
uneven  characteristics,  and 
these  may  be  compensated  by  the  use  of  suitable  equalizers. 

A  very  simple  form  of  equalizer  is  obtained  by  connecting 
R  resonant  circuit  across  the  supply.  This  would  absorb 
frequencies  at  and  around  the  resonant  value.  The  extent 


R 


Fig.  lOo.  EguAiiizER  Network 
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of  the  absorption  could  be  controlled  by  including  a  series 
resistance  at  the  circuit. 

The  design  of  equalizers  is  simplified  if  the  impedance 
of  the  network  can  be  made  purely  resistive  at  all  frequen¬ 
cies,  and  such  an  arrangement  is  termed  a  constant-resistance 
equalizer.  Fig.  1 05  shows  a  network  feeding  into  a  resistance 
R  and  having  an  equal  resistance  R  across  Z^.  If  Z^Z^ 
equals  the  whole  device  has  a  resistive  impedance 
equal  to  R. 

This  is  easily  proved  as  follows — 

Total  impedance  ~  ^ 


Writing  Z^ 


R'^IZ^  ^\e  have 


Z^R 
Z^-\-  R 
ZJi 


_ J?® 

R) 

R(Z^ 


_  -t  R)  _  p 
R-  Z^->rR  ~  “ 


It  follows  from  this  condition  Z^Z^  =  R^  that  Z^  and 
must  be  inverse,  i.e.  if  one  is  inductive  the  other  must  be 
capacitative.  If  th(‘v  are  alike  their  j)rodu(*t  is  still  reactive. 
Also  a  series  resistance  in  one  impedance  must  be  repre¬ 
sented  by  a  parallel  resistance  in  tlie  other. 

Let  Zj  be  an  inductance  with  a  resistance  in  series  so 
that  Zi  —  +  JmL.  Zg  will  then  be  a  condenser  with  a 

resistance  in  parallel,  so  that  Zg  =  l/(I/^2  + 

Then  =  = 

l/fg  I  j(oC  1  }  jfoCr^ 

If  we  make  Llr^  =  tVg  (i.e.  rpg  —  L/C),  this  reduces 
simply  to  r^r^.  Hence 

ZiZg  =  r^rg  =  Lie  R^ 

A  similar  calculation  for  an  inductance  with  a  parallel 
resistance  and  a  condenser  With  a  series  resistan(‘e  produces 
the  same  result,  so  that  the  expression  is  general. 

Attenuation 

Which  form  we  use  depends  upon  the  conditions  to  be 
fulfilled.  The  attenuation  of  the  network  is  given  by  the 
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ratio  of  the  total  impedance  (which  is  li)  to  that  of  and 
R  in  parallel. 

/.  a  =  RIlZ^RliZ^  +  R)\  =  (Z^  +  R)IZ, 
Alternatively  since  =  R^  we  can  write 
0L=iR  +  Z^)IR 

which  may  be  a  more  convenient  form. 

Let  us  take  as  an  t‘xample  a  network  to  give  a  uniform 
characteristic  above  5(K)  c/s,  but  a  rising  characteristic 
below  this  frequency,  such  that  the  output  at  50  c/s  is 
four  times  that  at  500  c  s.  This  can  be  done  by  making 
Zg  a  condenser  with  a  resistance  in  series.  At  low  fre¬ 
quencies  the  condenser  will  have  a  high  reactance,  so  that 
Zg  is  large  and  little  attenuation  occurs. 

As  the  frequency  rises  the  (*ondcnser  reactance  falls  so 
that  increasing  attenuation  is  produced  until  the  condenser 
reactance  becomes  small  compared  with  the  s(Ties  resistance 
Tg.  From  this  point  on  the  attenuation  is  constant  and 
determined  solely  b>  /-g. 

A  certain  amount  of  trial  and  error  is  now  required  for 
we  must  assume  some  initial  attenuation  at  50()  e/s.  Other¬ 
wise  Zg  at  this  frequency  would  require  to  be  infinite.  Let 
us  assume  a  25  per  cent  loss  so  that  aj  —  1*25. 

Then  ag  =-  4  x  1  *25  5.  But  we  have  said  that  at 

500  c/s  the  attenuation  is  to  be  determined  solely  by  rg,  so 
that 

(Xg  =  5  =  (50  000  1  ^2)/^2  whenc('  rg  =  12  500 

At  50  c/s  on  the  other  hand,  Z,  is  reactive,  and  we  must 
use  the  full  expression  for  a. 

=  1-25  -=  (Zg  f  /^)/Zg 

=  [{R  +  r,)  4  ]/>ri/(r,  f  l/j«(7) 

We  shall  not  be  seriously  in  error  if  we  neglect  rg  in  com¬ 
parison  with  llJ(oC  in  the  dtmominator,  and  the  ex]>ression 
then  simplifies  to 

ai  -=  1*25  ^  ^  (R  -\  r.,)i(oC 

^  l.()25  ■=!  +  (/?  + 

Whence,  with  o)  —  314,  C  —  0  04//F. 

For  the  series  firm  we  must  use  an  inductance  with  a 
resistance  in  parallel  both  determined  from  the  relation 
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~  L/C  —  whence  L  ~  91)//  and  =  200  000  ohms, 
the  complete  network  being  as  shown  in  Fig.  98. 

It  should  be  checked  that  the  reactance  of  G  is  actually 
small  compared  with  at  500  c/s.  It  will,  in  fact,  be 
8  000  ohms  which  is  not  really  negligible,  and  the  attenua¬ 
tion  at  500  c/s  would  be  4-35  instead  of  5.  In  other  words, 
the  rising  eharaeteristie  would  start  somewhat  above 
500  c/s,  and  the  output  voltage  would  be  about  18  per  cent 
up  at  500  c/s. 

This  is  actually  quite  a  good  compromise.  We  could 
obtain  a  better  ratio  of  max.  to  min.  attenuation,  but  only 


so  000  Q 

KWWWVi 
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2000000 
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Fio.  1<H)  Typical  Equalizer 


SO  000  Q 

(Load) 


at  the  expense  of  the  levelness  of  output  above  500  c/s. 
Convers(*ly,  if  we  insist  on  keeping  the  output  level  above 
500  c/s,  the  rise  between  500  and  ^  c/s  will  suffer. 

It  is  possible  to  make  a  mathematical  analysis  of  the 
problem,  but  the  results  do  not  present  themselves  in  con- 
V(»nient  form,  and  intelligent  trial  and  error  applied  to  the 
})rinciples  already  given  will  provide  satisfactory  practical 
results. 

It  is,  y)erhaps,  desirable  to  make  sure  that  the  problem 
is  practicable  b(‘fore  starting  the  calculations.  An  approxi¬ 
mate  check  may  be  made  as  follows — 

In  wlxichever  impedance  has  its  elements  in  series  (Zg  in 
the  case  above),  let  pj  and  be  the  ratios  of  reactance  to 
resistance  at  the  frequencies  in  question.  The  maximum 
ratio  of  the  two  attenuations  which  can  be  expected  is 
then  7^2/ general  it  will  be  somewhat 
less  than  this. 
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It  should  be  noted,  in  conclusion,  that  the  resistance 
of  the  inductance  in  Z^,  should  be  kept  reasonably  small. 
It  should  strictly  be  compensated  by  a  resistance 
across  the  whole  of  Zg,  but  a  trial  calculation  shows  that 
this  is  negligibly  high  provided  is  only  1  0(K>  ohms  or  so. 

Phase  Shift. 

Although  the  equalizer  behaves  as  a  resistance  =  R 
the  phase  of  the  output  voltage  is  not  the  same  as  the  input 
voltage.  The  phase  shift  produced,  however,  is  constant 


at  all  frequencies  if  the  network  has  been  correctly  designed 
which  is  an  important  feature  not  possessed  by  simpler 
networks. 

This  may  be  proved  by  developing  the  expressions  for 
the  series  and  shunt  impedances  and  comparing  the  reactive 
terms  which  will  be  found  equal  at  all  frequencies  provided 
that  Lje  ==  R^. 

Attenuators. 

Finally,  we  come  to  the  consideration  of  attenuator  net¬ 
works.  These  are  arrangements  of  resistances  designed  to 
cut  down  the  voltage  by  a  known  and  constant  amount 
irrespective  of  frequency.  This  is  usually  done  by  a  T- 
section  network  as  shown  in  Fig.  107.  The  requirement  is 
that  the  impedance  of  the  attenuator  shall  always  be  the 
same  and  equal  to  load  resistance. 

The  attenuator  is  thus  a  special  case  of  a  T-section  filter 
terminated  in  the  iterative  impedance.  The  load  resistance 
R  must  be  '\/[r(r  +  2^)]. 
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The  attenuation  of  a  given  section  is  easily  deduced. 
Let  P  be  the  resistance  of  s  in  parallel  with  i2  4-  r.  We 
have  across  the  input  a  potentiometer  made  up  of  r  and  P 
in  series.  Across  P  is  a  further  potentiometer  consisting 
of  r  and  R  in  series.  Hence,  the  output  voltage 


^2 


P  R 
P  +  R  +  r 


Vx 


Hence  ^  =  k  = 


PR 

(P  ^t)(R  +  r) 


8db  4dh  2db  Idb 


Fig.  lOS.  Attenuator  Covering  a  Variation  or 
1  to  15  DB  Set  to  Give  7  db  Attenuation 


If  the  network  is  terminated  in  its  iterative  impedance^ 
the  input  resistance  =  P  +  r  =  i?,  so  that  P  =  R  —  r 

Hence  k  ==  (R  —  r)/(R  +  r). 

This  expression  and  that  previously  given  for  the  iterative 
impedance  completely  determine  r  and  s.  By  rewriting  the 
equations  we  have 


Provided  the  resistances  obey  the  laws  given  above,  the 
effective  resistance  is  always  the  same,  and  several  sections, 
each  having  different  attenuation  factors,  may  be  connected 
in  series.  Fig.  108  shows  a  network  capable  of  giving  15  db 
attenuation  in  steps  of  1  db. 

7— (1  -5119) 
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Variable  Attenuators. 

Where  correct  match is  required  an  attenuator  of  the 
form  of  Fig.  108  is  essential.  Fine  adjustment  is  obtained, 
if  required,  by  adding  further  sections — e.g.  0*4,  0*4,  0*2, 
and  0*1  db  to  provide  fractions  of  1  db. 

Occasions  arise,  however,  w^hen  approximate  matching  is 
sufficient,  as  with  an  oscillator  or  amplifier  which  is  designed 
to  feed  into  a  specified  load.  Here  the  performance  will  not 
suffer  seriously  if  the  impedance  varies  by  10  or  even  20 
per  cent.  In  such  cases  it  is  possible  to  make  up  attenuators 
having  a  continuously  variable  section  as  shown  in  Fig.  109. 
This  is  in  the  form  of  a  tapped  variable  resistance,  the  taps 
being  connected  to  earth  through  shunt  arms  so  that  the 
device  is  equivalent  to  a  series  of  T-j)ads  w  ith  the  input 
taken  to  a  variable  i)oint  along  the  netwT)rk. 

it  is  impossible,  with  such  a  network,  to  fulfil  the  con¬ 
dition  that  the  attenuator  shall  look  like  R  when  terminated 
with  R  and  some  comj)romise  is  therefore  ne(‘essary.  A 
commercial  form  of  attenuator  of  this  ty])e  is  designed  to 
look  like  450  ohms  within  10  per  (*ent  wlien  terminated  in 
ffOO  ohms,  and  a  fixed  resistan('(‘  of  1 50  ohms  is  introduced  to 
bring  the  input  impedance  u])  to  000  ohms.  This  introduces 
a  permanent  loss  of  2-5  db,  but  beyond  this  point  a  con¬ 
tinuous  variation  of  output  is  obtained  with  a  20  db 
variable  section  and  a  number  of  fixed  20  db  pads  totalling 
100  db  in  all. 

Ladder  Attenuators. 

In  r.f.  practice  use  is  made  of  attenuators  which  are 
required  to  work  into  a  high  impedance.  Su(*li  a  case 
occurs  in  the  outjnit  of  a  signal  generator  winch  w'orks  into 
a  low  resistance  of  10  or  20  ohms,  but  which  feeds  the  tun^d 
aerial  circuit  of  a  receiver  or  the  grid  circuit  of  a  valve, 
either  of  which,  when  tuned,  has  an  im[)€‘dance  of  some 
thousands  of  ohms  which  is  negligibly  high  compared  with 
the  attenuator  impedance. 

For  such  wwk  a  ladder  attenuator  of  the  form  of  Fig.  110 
is  used.  The  irqmt,  fed  in  at  the  ])oint  A,  is  })rogressively 
attenuated  in  fixed  stejis,  the  output  being  taken  from  the 
points  A,  jB,  (\  or  D.  If  the  impedance  of  the  output  is 
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high  the  input  resistance  of  the  network  is  clearly  not 
affected  by  the  position  of  output  tap.  Moreover,  it  is 
simple  to  arrange  that  the  resistance  of  the  network  viewed 
from  the  output  end  is  alw^ays  the  same  (and  equal  to  the 
input  resistance)  at  any  of  the  tapping  points,  so  that  the 
device  behaves  like  a  generator  of  constant  source 
impedance. 

Consider  first  the  end  section  alone.  The  resistance  to 


the  right  of  C  is  P  —  T.  If  this  step  is  to  attenuate  n 
times  (P  —  T)  ~  nT, 

To  the  right  of  B  the  resistance  P  \  Z  where  Z  is  the 
resistan(‘e  of  S  in  jiarallel  wdth  P  T.  But  if  we  are  to 
maintain  the  same  att(‘nuation  per  stage  Z  must  be  equal 
to  T. 

Hence  Z  -  nTSKnT  -j-  B) 
whence  B  ~  nT  I  (71—  1). 

Similar  reasoning  apj)Jies  as  we  move  j)rogres8ively  to 
the  left,  for  the  network  to  the  right  of  B  can  be  replaced 
by  a  ‘dimple  end  section  P  T  which  gives  the  same  value 
for  the  shunt  resistance  at  B,  and  again  to  the  right  of  A 
we  can  ref)lace  the  whole  network  by  P  (  7\ 

The  input  resistance  of  the  whole  network  is  thus  in 
parallel  wdth  P  -\-  T.  If  we  make  -  T  the  whole  network 
becomes  symmetrical.  The  resistance  at  any  of  the  points 
A.  B,  (\  or  J)  then  becomes  {P  -f  T)fl{P  f  T  +  T) 
=  nT^I(nT  -1-  T) 

=  nTI(n  +  1 )  —  P 

Hence  T  =  (n  A-  l)R/n 
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If  n  =  10  and  i?  =  10,  T  —  \l  ohms,  —  12-2,  and 
P  ==  99  ohms,  which  are  values  commonly  used  in  r.f. 
attenuator  networks. 

If  Pi  is  not  made  equal  to  T  the  input  resistance  will  be 
Ri(P  +  T)l(R,  ^ -  P  +  T),  This  will  still  remain  constant 
whatever  the  j)osition  of  the  output  tap,  but  the  resistance 
at  the  points  P,  C  and  D  will  not  be  the  same.  If  this  point 
is  not  of  imjjortance  it  may  be  found  convenient  to  adopt 
a  value  of  different  from  T. 

EXAMPLES  X 

(1)  Calculate  the  resistances  of  a  T-section  attenuator 
to  give  a  drop  of  20  db.  (Fg/ri  —  O-l)  working  into  a 
600-ohm  load. 

(2)  Design  an  equalizer  working  into  a  load  of  20  000  ohms 
to  pass  10  per  cent  of  the  voltage  up  to  250  cycles  and 
90  per  cent  at  5  000  cycles. 

(3)  Design  a  composite  filter  comprising  one  simple 
section  and  one  derived  section  to  comply  with  the  following 
conditions — 

Cut  off  frequency  —  6  500  cycles  per  sec. 

Load  =  2  000  ohms. 

Make  m  —  0*6  and  use  a  mid-shunt  derived  section. 

(4)  Taking  a  general  network  of  the  type  shown  in  Fig. 
105  prove  that — 

(а)  The  input  resistance  =  R : 

(б)  The  attenuation  is  identical  with  that  produced 

by  the  series  arm  only  acting  in  series  with  R 
provided  that  =  R^. 
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Point  to  point  radio  telephone  work  has  certain  features 
of  interest  over  and  above  the  normal  technique  of  radio 
telephony.  A  consideration  which  weighed  considerably  in 
the  earlier  days,  but  is  not  so  important  with  modern 
short-wave  transmission,  is  that  of  the  power  radiated. 
In  an  ordinary  modulated  wave  70  per  cent  of  the  power 
is  in  the  carrier,  which  is,  of  course,  useless  as  regards  the 


actual  communication  of  intelligence,  and  the  remaininu 
30  per  cent  is  divided  equally  between  the  two  side- bands. 
Attempts  were  made  quite  early,  therefore,  to  eliminate 
the  carrier  wave. 

Fig.  Ill  shows  a  circuit  for  doing  this.  4  push-pull 
arrangement  is  employed  and  the  carrier  and  modulating 
voltage  are  introduced  separately.  The  former  is  intro¬ 
duced  so  as  to  affect  the  grids  of  the  two  valves  in  the 
same  phase,  whereas  the  modulation  is  introduced  in  the 
normal  push-pull  manner,  so  that  the  grids  of  the  valves 
are  in  opposite  phase.  The  usual  centre-tapped  output 
transformer  is  used,  with  the  result  that  the  carrier  voltage 
does  not  appear  in  the  secondary,  whereas  the  modulation 
combines  with  the  carrier  to  give  side-bands  in  the  ordinary 
way. 
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At  the  receiving  end  it  is  necessary  to  reintroduce  the 
carrier  wave,  which  is  done  by  a  local  oscillator  of  the  correct 
frequency  and  strength,  and  this  is  a  problem  requiring  a 
very  high  technique.  Unless  the  conditions  are  just  right 
serious  distortion  of  the  received  signal  results,  and  simple 
carrier  suppression,  as  it  is  called,  is  hardly  ever  used. 

Single  Side-band  Working. 

It  is  possible,  however,  to  obtain  similar  and  rather 
better  results  by  filtering  out  one  of  the  side  bands  after 
the  carrier  has  been  suppressed.  This  is  done  by  a  system 
of  high-  and  low -pass  filters  of  the  type  described  in  the 
preceding  chapter,  and  results  in  the  suppression  of  every¬ 
thing  but  the  one  set  of  side  frequencies.  This  contains 
all  the  information  necessary  to  communicate  the  intelli¬ 
gence,  and  if  this  is  recombined  with  a  carrier  at  the  receiv¬ 
ing  end  speech  is  obtained  once  again.  This  method  has 
the  advantage  that  the  frequency  of  the  carrier  need  not 
be  exactly  correct,  since  the  only  effect  of  a  slight  inaccuracy 
or  wander  will  be  a  small  variation  in  the  pitch  of  the  re¬ 
ceived  note 

Eckersley  has  suggested  that  such  a  change  could  com¬ 
mercially  be  used  in  the  broadcast  s^^stein  of  Europe  to-day 
with  marked  improvement  in  the  upper  frequency  response 
which  could  then  be  radiated  by  each  individual  station. 
He  suggests,  however,  that  for  use  with  normal  receivers 
it  is  inadvisable  to  suppress  the  one  side  band  completely 
V)ut  to  cut  off  all  modulation  frequencies  above  a  few  hun¬ 
dred  cyck^s  per  sec.  Thus  a  9  kc.  separation  would  cover, 
say,  0  25  kc.  of  one  side  band,  the  carrier,  and  8-75  kc. 
of  the  other  side  band  which  would  give  high  fidelity  recep¬ 
tion  without  interference. 

The  reader  who  is  interested  should  refer  to  a  paper  by 
P.  P.  Eckersley  entitled  “Asymmetric  vSide-band  Broadcast 
Transmissions,’"  Journal  Vol.  77,  p.  517,  and  also 

to  Short  Wave  Badio  by  the  present  author,  where  the 
subject  is  discussed  in  detail. 

Single'  side-band  working  is  used  considerably  on  carrier- 
current  telephony.  This  is  a  radio-frequency  transmission 
superposed  on  ordinary  land  lines.  One  line  may  be  made 
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to  carry  several  transmissions  of  different  frequencies  in 
addition  to  low-frequency  telephone  or  telegraph  signals. 


Power  in  Modulated  Wave. 

A  modulated  wave  can  be  represented  by 
=  ( A  +  -8  sin  pt)  sin  mt 
=  A  sin  +  J5  sin  pt  sin  o)t 

B  B 

~  A  sin  oyt  4  sin((o  —  p)t  —  sin(co  +  P)t> 


which  discloses  the  existence  of  the  carrier  and  the  two 
side  bands. 

The  power  radiated  is  proportional  to 


Thus  ii  B  ~  A  (100  per  cent  modulation),  the  power  is 
increased  50  per  cent  but  only  one-third  of  the  power  is  in 
the  side  bands,  two-thirds  being  wasted  in  the  carrier. 

If  we  suppress  the  carrier,  therefore,  there  is  an  im¬ 
mediate  saving  of  two-thirds  of  the  power,  while  con¬ 
versely  with  the  same  power  we  have  a  gain  of  3  :  1  or  4db. 

The  same  applies  to  single  side-band  working,  for  al¬ 
though  we  save  half  the  side-band  power  by  suppressing 
one  of  the  side  bands  we  find  that  the  received  field  strength 
is  halved  and  that  to  obtain  equivalent  strength  the  ampli¬ 
tude  of  the  transmitted  side  band  has  to  be  doubled. 

Still  more  striking  power  economy  results  if  the  modu¬ 
lation  is  less  than  100  per  cent,  as  is  usually  the  case  in 
practice.  The  ratio  of  power  expended  without  and  with 

carrier  is  B^I(A^  +  B^/2)  ~  m  is  the  depth  of 

modulation  —  BjA.  If  m  =  0.1  only,  the  power  ratio 
=  0-01  nearly,  giving  a  100  :  1  improvement. 

At  the  receiver  the  received  field  strength  increases  as 
the  square  root  of  the  power  ratio  giving  a  2  db.  improve¬ 
ment  for  100  per  cent  modulation. 


COMMERCIAL  RADIO  TELEPHONY 


191 


Bing  Modulator. 

An  alternative  form  of  modulator  which  suppresses  both 
the  carrier  and  the  modulation  frequency,  leaving  only  the 
side  bands^  is  the  ring  modulator  shown  in  Fig.  112. 
The  carrier  is  impressed  across  the  points  PQ  and  flows 
through  the  two  halves  of  the  transformer  windings  in 
opposition.  The  positive  half  cycles  flow  through  the 
rectifiers  A,  B  and  the  negative  half  cycles  through  C,  Z). 
While  the  rectifiers  A,  B  are  working,  C  and  D  will  be 


Sideband 

Output 


P  Q 


subject  to  a  negative  voltage  and  therefore  will  remain 
non-conducting  even  if  further  voltages  (e.g.  modulation 
voltages)  are  impressed  across  them,  provided  these 
additional  voltages  do  not  exceed  the  carrier  voltage. 
Similarly  When  the  rectifiers  C,  D  are  operative  A  and  B 
are  cut  ofi*.  No  carrier  voltage  appears  in  the  output  due 
to  the  symmetry  of  the  arrangement. 


T2 
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The  modulation  is  impressed  across  and  current  flows 
alternately  through  Ay  B  and  C,  D  producing  side  fre¬ 
quencies  in  by  combination  with  the  carrier.  These  side 
tones  do  not  cancel  out  so  that  the  desired  side  bands 
appear  in  the  output  while  the  carrier  is  suppressed. 

The  arrangement,  in  fact,  is  a  switch  of  which  the 
connexions  are  changed  over  by  the  carrier,  provided  that 
the  carrier  voltage  exceeds  the  modulation  voltage  (as  it 
always  does  in  practice).  Fig.  112  shows  this  operation 
physically,  indicating  the  form  of  the  side  band  outi)ut 
obtained  in  the  secondary  of  T2. 

Centre-tapped  resistances  may  be  used  in  place  of  Tj 
and  Tg. 

Inversion  and  Scrambling. 

Privacy  is  one  of  the  principal  requirements  of  a  com¬ 
mercial  telephone  service,  and  the  fact  that  ordinary  broad¬ 
cast  telephone  signals  could  be  easily  picked  up  militated 
at  first  against  the  use  of  radio  telephony.  The  difficulty 
has  largely  been  overcome  with  modern  short-wave  circuits 
which  employ  beam  transmission  and  reception,  while  to 
make  doubly  sure  the  speech  is  often  inverted. 

For  this  purpose  the  speech  frequencies  before  modula¬ 
tion  are  combined  with  a  fairly  high  frequency  producing 
side  bands  in  the  ordinary  course  of  events.  The  lower 
side  band  only  is  chosen,  so  that  the  lowest  speech  frequency 
is  now  the  highest  modulation  frequency.  These  frequencies 
are  now  heterodyned  with  another  frequency  lower  than 
the  lowest  frequency  in  the  band.  The  difference  tone  is 
used,  all  other  frequencies  being  filtered  out,  and  we  are 
left  with  a  modulation  much  the  same  as  the  original  as 
regards  range,  but  completely  inverted. 

Such  a  modulation  is  quite  unintelligible  to  the  ordinary 
listener,  and  privacy  is  thus  assured.  It  is  translat(‘d  at 
the  receiving  end  by  going  through  the  reverse  processes, 
in  the  requisite  order. 

As  a  typical  example  we  may  take  a  frequency  range 
of  100-3  000  c/s.  This  would  be  arranged  to  modulate 
an  oscillator  of,  say,  50  kc/s.  The  lower  side  band,  ranging 
from  47  000  to  49  900  c/s,  would  be  selected,  find  sub- 
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sequently  made  to  heterodyne  another  frequency  to  reduce 
the  actual  order  of  frequency.  This  is  often  done  in  two 
stages.  For  example,  the  first  stage  would  use  an  oscillator 
of  42  000  c/s  giving  difference  frequencies  of  5  000  to 
7  900  c/s,  the  other  frequencies  being  suppressed,  and 
this  if  necessary  could  again  be  heterodyned  with  an 
oscillator  of  4  900  c/s  which  would  give  the  original 
scale  of  frequencies  ranging  from  100  to  3  000  c/s,  but 
completely  inverted. 

Another  method  is  to  transpose  certain  bands  of 
frequency,  which  is  done  by  selecting  the  required  bands 
with  filters  and  heterodyning  them  to  different  degrees  so 
that  when  recombined  they  occur  in  a  different  order. 

In  practice  both  methods  are  employed  either  separately 
or  together  and  speech  broken  up  in  this  general  manner  is 
said  to  be  scrambled. 

Land  Line  Connexion. 

A  special  circuit  is  necessary  to  link  a  radio  channel  to 
a  land  line.  The  radio  channel  is  a  four-wire  system  having 
a  pair  of  leads  for  the  transmitted  speech  and  another  pair 
for  the  received  signals.  These  are  combined  in  a  special 
transformer  known  as  a  hybrid  coil,  which  enables  both 
signals  to  be  carried  over  the  same  pair  of  wires  as  is  done 
with  ordinary  telephony. 

Fig.  113  illustrates  the  system.  Speech  from  the  sub¬ 
scriber  induces  voltages  in  windings  A  and  C.  The  former 
passes  to  the  transmitting  repeater  (which  is  merely  an 
amplifier)  and  this  in  turn  modulates  the  transmitter. 
The  voltage  in  winding  C  can  produce  no  effect,  because 
it  is  in  the  output  of  the  receiving  repeater  and  cannot 
force  its  way  back  owing  to  the  undirectional  characteristic 
of  any  valve  amplifier. 

Speech  pickecl  up  on  the  receiver  is  amplified  by  the 
receiving  repeater  and  appears  in  windings  C  and  D. 
Currents  are  induced  in  the  land  line,  where  they  travel 
on  to  the  subscriber,  and  also  in  the  balancing  network, 
which  is  an  artificial  line  having  the  same  characteristics 
as  the  actual  line.  These  currents  also  induce  voltages  in  A 
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and  B,  but  as  one  of  the  transformers  is  reversed  the 
voltages  are  in  opposition  and  cancel  out.  Thus,  the  re¬ 
ceived  speech  is  prevented  from  operating  the  transmitter. 


Singing. 

Any  interaction  between  the  transmitter  and  receiver 
will  give  rise  to  a  continuous  oscillation  or  sing.  There 


Fig.  113.  Illustrating  Connexion  of  Radio 
TO  Land -LINE 

are  two  forms  encountered  in  practice,  one  being  a  half 
sing  when  energy  is  fed  back  from  the  local  transmitter 
to  the  local  receiver,  while  the  other  is  an  all-round  sing 
from  the  local  transmitter  to  the  distant  receiver  and  back 
through  the  distant  transmitter  to  the  local  receiver. 

The  first  difficulty  can  be  overcome  by  adequate  design 
of  the  local  receiver.  Given  sufficient  wavelength  separa¬ 
tion  and  a  selective  circuit,  no  trouble  should  be  experi¬ 
enced. 

The  all-round  sing  depends  on  accuracy  of  the  hybrid 
balance.  This,  of  course,  involves  careful  adjustment  of 
the  artificial  network  which  is  connected  across  one  side 
of  the  hybrid  coil  to  be  equivalent  to  the  land  line.  Gener¬ 
ally  speaking,  singing  is  more  difficult  to  prevent  with 
high  gain  receivers,  as  one  might  expect. 
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Echo  Suppressors. 

As  a  general  rule,  therefore,  suppressors  are  included 
in  the  circuit,  so  arranged  that  as  soon  as  the  local  subscriber 
commences  to  speak  the  receiver  is  cut  off  the  line  and 
speech  is  routed  through  to  the  transmitter.  If  the  distant 
subscriber  speaks,  the  receiver  side  of  the  circuit  obtains 


From  Home  \ 
Subscriber^ 


Fio.  114.  Echo  Suppkessob  Cibcuit 


command,  provided  the  home  subscriber  is  not  speaking, 
cutting  off  the  transmitter  again. 

This  may  be  done  by  means  of  voice- operated  relays. 
The  speech  frequency  is  rectified,  and  the  d.c.  produced 
is  passed  through  a  relay  coil  which  pulls  up  an  armature 
and  changes  over  suitable  contacts. 

Alternatively,  electrical  methods  may  be  used.  Fig.  114 
illustrates  one  such  system.  In  the  grid  return  of  one  of 
the  amplifying  valves  is  a  high  resistance,  which  is  in  the 
anode  circuit  of  a  valve  arranged  as  an  anode-bend  rectifier. 
This  normally  carries  no  current,  but  on  the  application 
of  speech  voltages  to  the  grid,  anode  current  flows  and 
the  voltage  drop  produced  by  this  current  in  the  high 
resistance  sets  up  a  large  voltage.  This  is  in  such  a  direction 
that  it  increases  the  bias  on  the  amplifying  stage  to  such 
an  extent  as  to  render  the  valve  inoperative. 
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Volume  Compression  and  Expansion. 

The  power  radiated  by  a  single  side-band  transmitter, 
and  hence  the  field  strength  at  the  receiver,  is  continually 
varying  in  accordance  with  the  modulation.  Moreover  a 
large  proportion  of  normal  speech  sounds  is  of  low  intensity, 
and  it  is  only  occasionally  that  the  level  rises  to  full  volume, 
so  that  the  available  power  is  only  in  use  for  a  small  portion 
of  the  total  time. 

An  immediate  improvement  would  result  if  the  speech 
waves  could  be  compressed  so  that  the  difference  between 
normal  and  peak  values  was  reduced.  If  this  compression 
were  in  the  ratio  of  2  :  1  only,  the  average  level  would  be 
doubled  and  the  power  radiated  would  increase  four  times. 

Commercial  long  distance  channels,  therefore,  utilize  a 
device  called  a  compandor,  which  is  a  ])ortmanteau  word 
denoting  a  com})ressor  (at  the  transmitter)  and  an  expander 
(at  the  receiver).  Both  devices  are  similar  but  act  in 
opposite  directions. 

They  comprise  an  audio-frequency  amplifier  of  which 
the  gain  can  be  controlled  by  the  application  of  a  suitable 
voltage.  For  example,  two  vari-mu  valves  in  push-pull 
would  provide  a  gain  proportional  to  the  grid-bias,  the 
use  of  two  valves  being  preferable  to  cancel  out  any  second 
harmonic  distortion  which  might  arise  from  the  non-linear 
characteristic.  A  hexode  can  also  be  arranged  to  provide 
variable  l.f.  gain  by  applying  speech  input  to  the  modulator 
grid  and  the  (jontrol  voltage  to  the  signal  grid. 

Control  voltage  is  obtained  from  an  amplifier  followed 
by  a  detector,  which  develops  a  d.c.  voltage  proportional 
to  the  instantaneous  speech  level,  and  by  applying  this  to 
the  non-linear  amplifier  the  modulation  may  be  compressed 
or  expanded  (according  to  the  direction  in  which  the  control 
voltage  is  applied)  to  any  desired  extent  within  reason. 

In  practice  a  compression  of  about  2  :  1  suffices,  and  at 
the  receiver  the  modulation  is  expanded  in  the  same  ratio 
to  restore  it  to  normal. 


CHAPTER  XII 

SHORT-WAVE  OPERATION 

Radio  communication  has  been  revolutionized  by  the 
introduction  of  short  waves.  In  the  early  days  it  was  found 
that  radiating  properties  of  a  circuit  were  dependent  upon 
the  fourth  power  of  the  frequency,  and  therefore,  at  first 
sight,  it  appeared  that  the  higher  the  frequency  (and  the 
shorter  the  wavelength)  the  better  the  transmission  would 
be.  Unfortunately,  it  was  found  that  short  wavelength 
radi.itioiis  were  very  rapidly  absorbed.  The  earth  took  its 
toll,  and  trees,  houses,  hills,  and  similar  obstructions 
caused  such  a  rapid  deterioration  in  the  ground  wave  that 
reception  was  limited. 

The  pendulum  swung  in  the  other  direction  and  longer 
and  longer  wavelengths  were  used,  irrespective  of  the  enor¬ 
mous  power  required  to  give  the  satisfactory  field  strength, 
and  at  one  time  Bordeaux  was  using  a  wavelength  of  23  000 
metres,  corresponding  to  a  frequency  of  13  000  cycles,  which 
is  actually  audible  to  some  ears ! 

Meanwhile,  amateur  experimenters  had  been  given  the 
short  waves  to  play  with,  rather  with  the  feeling  that  as 
these  waves  were  of  no  use  for  commercial  purposes  they 
could  be  used  by  amateurs  to  their  hearts’  content.  And 
tiien  came  the  discovery  that  some  freak  ranges  were  being 
accomplished  on  these  wavelengths.  In  1924,  Mr.  Goyder, 
a  Mill  Hill  amateur,  established  communication  with  Mr. 
Bell  of  Dunedin,  New  Zealand.  The  possibilities  of  these 
wavelengths  began  to  strike  the  commercial  world. 

We  know  to-day  that  the  principal  value  of  these  short 
waves  lies  in  the  indirect  ray,  and  not  the  ground  ray.* 
The  waves  transmitted  into  the  upper  atmosphere  are 
reflected  from  the  Heaviside  Layer  with  much  less  attenua¬ 
tion  than  longer  wavelengths.  At  a  frequency  correspond¬ 
ing  to  214  metres  the  electrons  in  the  upper  atmosphere 

*  The  reader  should  refer  to  Volume  I,  Chapter  XXIX,  for  a 
discussion  of  wave  propagation. 
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resonate  with  the  magnetic  forces  of  the  earth’s  field,  and 
any  transmission  at  this  frequency  encounters  very  heavy 
absorption  of  energy.  Beyond  this  point  conditions  begin 
to  get  better  again,  and  at  the  normal  wavelengths  now 
in  use,  ranging  from  15-50  metres,  the  attenuation  of  the 
wave  is  surprisingly  small,  the  main  difficulty  arising  from 
the  fading  which  is  due  to  the  distortion  of  the  plane  of 
polarization  of  the  wave  as  already  explained  in  Volume  I. 

So  little  is  the  attenuation,  in  fact,  that  signals  will 
sometimes  travel  two  or  three  times  round  the  world  before 


Fig.  ll.j.  SiMPLPJ  Reflector  Arrangement 


they  die  out,  and  this  constitutes  quite  a  difficulty  in  cer¬ 
tain  instances  of  high-speed  telegraphic  working,  because 
there  is  a  time-lag  of  one-seventh  of  a  second  between 
the  original  signal  and  its  echo,  which  may  result  in  a 
disfigurement  of  the  characters. 

Reflectors. 

Owing  to  the  short  wavelengths  employed  it  becomes 
possible  to  concentrate  the  radiation  in  a  beam,  and  for 
commercial  purposes  directional  transmission  and  recep¬ 
tion  is  practically  always  employed.  This  is  usually  accom¬ 
plished  by  placing  behind  the  aerial  a  reflector,  which 
consists  of  an  exactly  similar  aerial,  spaced  a  quarter  of 
a  wavelength  to  the  rear  as  in  Fig.  115. 

Currents  are  induced  in  this  reflector  by  those  in  the 
aerial,  and  the  reflector,  therefore,  also  radiates  energy. 
Due  to  the  space  displacement  of  the  reflector,  however, 
the  wave  radiated  by  the  reflector  is  out  of  phase.  By 
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the  time  the  reflected  wave  has  travelled  as  far  as  the 
aerial,  it  is  in  phase  with  the  wave  being  generated  there, 
so  that  the  transmission  in  the  forward  direction  is 
strengthened.  The  wave  from  the  aerial  to  the  reflector, 
however,  which  is  travelling  in  the  opposite  direction, 
arrives  out  of  phase  with  the  wave  generated  by  the  re¬ 
flector,  so  that  radiation  in  the  backward  direction  is 
practically  cancelled  out. 

Aerial  Arrays. 

The  simplest  form  of  short-wave  aerial  is  a  half-wave 
arrangement  as  shown  in  Fig.  llfl.  This  may  be  fed  with 


Fig.  IK).  Methods  of  Feeding  a  Half-wave  Aerial 


a  tuned  feeder  as  at  (a)  or  (b)  (the  latter  often  being  known 
as  a  “Zeppelin’’  or  “Zepp”  aerial),  or  it  may  be  fed  with 
an  untuned  feeder,  in  which  latter  case  the  tapping  points 
should  be  about  one-eighth  of  a  wavelength  apart.  This 
gives  an  impedance  approximately  equal  to  that  of  the 
line,  assuming  the  usual  value  of  600  ohms.  With  tuned 
feeders  the  lines  are  usually  made  a  little  longer  than  the 
correct  value,  and  small  tuning  or  phasing  condensers  are 
inserted  at  the  transmitting  end  and  adjusted  to  give  maxi¬ 
mum  current. 

The  difficulty  about  a  simple  dipole  aerial,  as  a  half¬ 
wave  aerial  is  sometimes  called,  is  that  the  effective  height 
is  limited.  One  cannot  make  the  length  of  the  aerial  more 
than  about  80  per  cent  of  the  half  wavelength,  and  even 
then  the  current  is  not  uniformly  distributed  over  the  wire, 
so  that  the  equivalent  height  is  again  only  about  80  per 
cent  of  the  actual  height. 
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No  improvement  is  obtained  by  using  a  longer  aerial. 
Consider  a  wire  li  wavelengths  long,  as  shown  in  Fig.  117. 
Here  radiation  would  be  obtained  from  the  top  and  bottom 
portions,  and  reverse  radiation  from  the  middle  portion, 
which  would  cancel  things  out  and  leave  the  resulting 
radiation  much  the  same  as  before.  On  the  other  hand, 
if  we  could  reverse  the  direction  of  the  current  in  the  centre 


Pig.  117.  Illus¬ 
trating  Loss  OF 
Radiation  with 
Long  Aerial 
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Fig.  1 1 8.  Tiered 
Aerials 


Fig.  110.  Franklin 
Aerial 


portion,  then  we  should  have  all  three  half-wave  aerials 
adding  up  to  give  a  combined  radiation.  This  can  be 
accomplished  by  inserting  phasing  impedances  either  in  the 
form  of  inductances  as  shown  in  Fig.  1 18  (a)  or  capacitances 
as  at  118  (6).  8uch  an  aerial  is  known  as  a  tiered  aerial. 

Still  better  results  can  be  obtained  by  arranging  to  bend 
the  wire  backwards  and  forwards  on  itself,  so  that  the 
only  effective  parts  are  the  quarter-wave-length  portions 
in  the  middle  of  each  half- wavelength  section,  in  which 
the  current  is  a  maximum  and  fairly  uniform.  Such  an 
aerial  is  shown  in  Fig.  119,  and  was  developed  by  C.  S. 
Franklin  of  the  Marconi  Co. 

Now  it  is  possible  to  carry  this  procedure  out  still  farther 
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by  arranging  more  than  one  aerial  and  providing  each 
aerial  with  current  in  exactly  the  right  phase  so  that  the 
various  radiations  add  up.  This  has  led  to  a  large  number 
of  different  aerial  formations,  usually  known  as  arrays,  and 
there  are  various  forms  which  need  not  be  enumerated  here. 
For  further  information  the  reader  is  referred  to  Short 
Wave  Wireless  Conmnmication,  by  Ladner  and  Stoner,  or  to 


Fig.  120.  “Sterba”  Aerial  Array  for  Short-wave 
Transmission 


Short  Wave  Radio  by  the  present  author.  Fig.  120  shows  one 
such  array.  It  would  be  backed  by  a  similar  array  one- 
quarter  of  a  wavelength  in  the  rear,  forming  a  reflector. 

Fig.  121  is  a  view  of  the  aerial  system  at  the  Grimsby 
Transmitting  Station.  There  are  two  aerials  with  a  eomrnon 
reflector  system  down  the  centre.  They  are  used  alternately 
to  transmit  to  Australia  eastwards  during  certain  periods 
of  the  day  and  westwards  at  other  times,  according  to 
conditions.  Note  the  phasing  coils  in  the  aerials,  the 
elaborate  balance  weight  system  to  keep  the  wires  taut  even 
in  a  wind,  and  the  coupling  boxes  connecting  the  tubular 
(concentric)  feeders  to  the  individual  aerials.  Two  aerials 
are  supplied  from  each  coupling  box. 

Short-wave  Circuits. 

We  now  come  to  a  consideration  of  the  transmitting 
circuits  themselves.  These  are,  in  general,  similar  to  those 


{By  courtesy  of  Marcom’s  If' .  T.  Co  ) 
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outlined  in  Chapter  I,  with  special  precautions  to  allow 
for  the  high  frequencies  in  use.  The  coils,  of  course,  are 
small,  and  are  usually  made  of  copper  tube,  since  the  very 
high  frequency  current  only  flows  in  the  skin  of  the  wire. 

Alternatively,  strip  conductor  may  be  employed,  wound 
with  the  flat  surface  parallel  to  the  axis  of  the  coil,  thus 
approximating  to  a  current  sheet.  The  conductors  should 
be  liberally  designed  and  closed  loops  in  the  wiring  or  chassis 
avoided  since  they  might  absorb  energy  from  the  oscillating 
circuit.  Wave  changing  cannot  be  carried  out  by  short- 
circuiting  the  end  turns  as  is  usual  with  lower  frequencies, 
it  being  necessary  to  change  over  completely  from  one 
coil  to  another  or  alternatively  to  employ  a  series-parallel 
arrangement. 

Insulators  must  be  used  sparingly  and  kept,  where 
possible,  outside  the  high-frequency  field.  The  coils  are 
thus  always  air-spaced  and  mounted  on  skeleton  formers 
while  the  general  structure  must  be  self-supporting  as  far 
as  is  practicable,  requiring  a  minimum  of  mechanical  fixing. 
Sulphur-fllled  fittings  are  to  be  avoided,  as  the  sulphur 
heats  up  under  the  influence  of  the  dielectric  (‘urrents. 
Ebonite  contains  an  appreciable  portion  of  sulphur  and 
is  thus  unsuitable  and  porcelain  or  similar  ceramic  material 
is  the  most  satisfactory. 

Valve  Design. 

Valve  capacitances  are  inclined  to  be  troublesome,  since 
the  total  tuning  capacitance  cannot  be  large  or  no  voltage 
would  be  developed  across  the  circuit,  again  owing  to  the 
high  frequency.  Hence,  the  valve  capacitance  itself  con¬ 
stitutes  a  considerable  proportion  of  the  total  capacitance, 
and  this,  in  turn,  means  that  the  valve  electrodes  are 
carrying  a  considerable  proportion  of  the  oscillating  current 
(perhaps  more  than  50  per  cent). 

This  led  to  trouble  in  the  early  days,  because  the  wires 
leading  out  through  the  glass  of  the  valve  were  not  made 
thick  enopgh,  and  they  used  to  overheat  and  melt  the  glass. 
Specially  thick  leading-in  wires  are  now  used  in  short-wave 
valves.  ^ 

A  further  trouble  was  the  development  of  hot  spots  on 


204 


RADIO  COMMUNICATION 


the  glass  bulb,  due  to  eddy  currents  set  up  in  small  metallic 
deposits  formed  on  the  glass  during  the  evacuation.  This 
led  to  puncture  of  the  glass  and  consequent  failure.  One 
remedy  was  to  enclose  the  valve  in  a  gauze  sheath  since 
this  produced  uniform  eddy  currents  over  the  whole  surface 
with  consequent  distribution  of  the  heat,  but  improved 


technique  has  largely  overcome  the  difficulty  and  such 
special  precautions  are  now  not  necessary. 

Neutralizing. 

Very  symmetrical  neutralizing  circuits  have  to  be  used 
in  the  amplifying  stages,  even  the  leads  themselves  being 
maintained  exactly  the  same  length.  Otherwise,  the  phase 
of  the  voltage  fc(l  back  by  the  neutralizing  circuit  is  not 
exactly  opposite  to  that  fed  back  through  the  valves,  and 
incomplete  stability  is  obtained.  A  modification  of  the 
Rice  circuit  (Fig.  32)  is  usually  adoptt^d. 

C.  8.  Franklin  has  developed  a  special  bridge  circuit 
using  two  valves  in  push-pull  as  shown  in  Fig.  122.  This 
circuit  is  an  absolute  balances  both  as  regards  voltage  and 
phase,  even  down  to  quite  short  wavelengths.  Even  here 
the  length  of  the  leads  may  be  sufficient  to  introduce  enough 
inductance  to  throw  the  phase  balance  out,  in  which  case 
condensers  have  to  be  inserted  in  the  offending  lead, 
shunted,  if  necessary,  by  a  high-frequency  choke  to  provide 
a  d.c.  path. 

Within  the  last  year  or  two  special  screen-grid  valves 
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have  been  developed  for  this  short-wave  technique.  These 
valves  are  designed  for  class  B  operation  (positive  drive)  in 
the  usual  way,  and  are  also  provided  with  special  lead-in 
wires  to  avoid  any  overheating. 

Parasitic  Oscillation. 

A  transmitter  will  sometimes  be  found  to  be  oscillating 
in  more  than  one  mode,  producing  what  is  called  a  parasitic 
oscillation.  This  may  be  small  or  large,  depending  on  the 
conditions  of  operation  and  in  severe  cases  may  swamp 
the  true  oscillation  altogether. 

Such  oscillations  are  (widenced  by  abnormal  conditions 
in  the  circuit  such  as  high  anode  feed  currents,  excessive 
grid  currents — causing  the  grid  to  become  red  hot,  in¬ 
stability,  etc.  It  may  be  found  that  the  circuit  shows  all 
the  symptoms  of  strong  oscillation,  but  the  actual  oscillation 
frequency  cannot  be  found  within  the  normal  range  by 
the  wavemeter  or  other  measuring  device. 

Such  parasitic  oscillations  are  usually  found  in  multi¬ 
valve  transmitters,  though  they  may  occur  with  quite 
simple  circuits,  especially  when  using  valves  of  high  mutual 
conductance.  They  are  of  two  general  types. 

(a)  Oscillations  near  the  fundamental  frequency.  These 
are  usually  due  to  bad  layout.  The  leads  between  the  valve 
and  the  tuned  circuit  may  form  an  oscillating  circuit  of 
lower  resistance  than  the  correct  circuit  (particularly  on 
ultra-short  waves)  and  the  valve  will  always  choose  to 
maintain  oscillation  in  th(‘  easiest  mode.  Alternatively,  a 
lead  too  near  the  framework  may  form  an  oscillating  circuit 
with  its  capacitance  to  earth.  The  remedy  is  to  check  the 
layout  carefully  for  such  possibilities. 

(b)  Very  high  frequency  oscillations.  These  are  due  to 
self-oscillation  in  the  l(*ads  to  the  valves.  They  may  occur 
in  the  transmitting,  amplifying,  or  even  modulating  circuits, 
and  in  the  latter  case  may  generate  considerable  power. 

On  longer  waves  it  is  possible  to  check  such  parasites 
by  including  resistances  of  a  few  hundred  ohms  in  the 
anode  aild/or  grid  leads  but  this  is  not  practicable  on 
short- waves,  and  the  only  remedy  is  to  pay  special  attention 
to  layout,  keeping  the  leads  short,  and  avoiding  leads  of 
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similar  length  in  adjacent  stages  so  that  the  natural 
frequency  of  such  circuits  may  be  different  throughout 
the  chain. 

Frequency  Multiplication. 

The  importance  of  maintaining  an  absolutely  steady 
frequency  has  already  been  mentioned  in  Chapter  I.  It 
is  more  than  ever  important  on  short  waves.  A  telegraphic 
communication  channel  may  occupy  perhaps  100  cycles. 


Fig.  12:^.  Frequency  Doubling  Circuit 

A  drift  of  0*1  per  cent  at  10  megacycles  (30  metres)  is 
10  000  cycles,  one  hundred  times  as  much  as  the  frequency 
band.  The  constant-frequency  circuits  quoted  in  Chapter  I 
are  only  practicable  up  to  frequencies  of  two  or  three 
megacycles,  beyond  which  point  their  application  becomes 
increasingly  difficult,  and  it  is  customary  therefore  to 
generate  oscillations  in  the  first  place  at  a  lower  frequency 
than  is  required,  and  to  multiply  the  frequency  subse¬ 
quently.  An  over-biased  push-pull  circuit  will  produce  the 
necessary  doubling  action,  the  anode  circuit  being  tuned  to 
twice  the  input  frequency. 

Such  a  circuit  is  shown  in  Fig.  123.  The  anode  circuits 
are  arranged  in  phase  instead  of  in  opposition,  as  usual, 
so  that  each  valve  acts  as  a  half-wave  rectifier.  It  is,  of 
course,  possible  to  double  the  frequency  with  only  one 
valve  (over-biased  to  give  the  rectification  necessary)  but 
this  is  only  half  as  efficient. 

The  arrangement  of  Fig.  123,  however,  is  unsymmetrical, 
and  that  of  Fig,  124  is  to  be  preferred  for  short-wave  work. 
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Here  a  centre -tapped  anode  circuit  is  used  and  the  arrange¬ 
ment  is  fully  symmetrical.  As  it  stands  it  will  not  double 
the  frequency,  but  if  one  of  the  cathodes  is  extinguished, 
and  the  anode  circuit  is  tuned  to  twice  the  frequency  of  the 
input,  oscillations  are  maintained  satisfactorily  if  the  input 


Fio.  124.  Neutralized  FBEQUENcy  Doubler 


is  over  biased.  It  is  even  possible  to  tune  the  anode  circuit 
to  three  times  the  input  frequency  and  so  obtain  a  trebling 
action. 

Neutralizing  is  still  desirable  for  the  circuit  may  oscillate 
of  its  own  accord  at  the  double  frequency  which  is  not 
desirable.  The  circuit  of  Fig.  124  shows  a  neutralizing 
arrangement  obtained  by  feeding  energy  from  the  anode 
of  one  valve  back  on  to  the  grid  of  the  other  valve,  which 
provides  the  necessary  phase  reversal. 

Crystal  Control. 

Reference  should  be  made  in  conclusion  to  the  use  of 
quartz  crystal  control  for  high-frequency  transmitters.  It 
is  found  that  a  quartz  crystal  is  found  to  exhibit  what 
is  known  as  a  piezo-electric  effect.  If  the  crystal  is  subjected 
to  strain,  either  tension  or  compression,  electric  charges 
will  appear  at  the  edges.  Conversely,  an  alternating  poten¬ 
tial  applied  across  the  crystal  will  cause  it  to  expand  and 
contract.  Furthermore,  there  is  a  particular  frequency  at 
which  this  expansion  and  contraction  take  place  most 
readily,  so  that  a  crystal  of  this  nature  acts  as  a  mechanical 
oscillating  circuit. 
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The  resonant  frequency  is  high,  ranging  from  several 
hundred  thousand  cycles  up  to  something  of  the  order  of 
megacycles,  depending  upon  the  dimensions  of  the  crystal. 
Such  a  crystal  between  two  plates  forms  a  mechanical 
radio-frequency  oscillating  circuit  which  can  be  maintained 


Fig.  12.-).  Ckystal-contbolled  Oscillatok  Circuits 


by  a  valve,  and  which  ^\ill  have  a  very  nearly  constant 
frequency  prov  ided  the  dimensions  of  the  crystal  are  main-^ 
tained  the  same.  This  is  done  by  keeping  the  atmospheric 
conditions,  particularly  the  temperature,  as  constant  as 
possible,  the  whole  crystal  being  often  enclosed  in  a  special 
chamber.  A  frequency  stability  of  *01  per  cent  is  found 
quite  feasible. 

Fig.  125(a)  shows  a  circuit  for  a  crystal  controlled  oscillator. 
The  anode  circuit  is  tuned  so  that  it  shall  present  a  reason-^ 
ably  high  impedance  to  that  of  the  frequency  under  con¬ 
sideration,  but  the  actual  oscillating  frecpiency  is  controlled 
entirely  by  the  quartz  crystal  across  anode  and  grid.  An 
alternative  method  is  to  connect  the  crystal  between  grid 
and  filament,  biasing  the  valve  through  a  h.f.  choke  as 
shown  in  Fig.  l2o(h).  In  both  cases,  the  frequency  of  the 
tuned  circuit  must  not  be  too  near  that  of  the  crystal, 
or  “pulling*’  may  take  place,  causing  instability,  but  if  this, 
precaution  is  observed  no  difficulty  is  experienced. 

The  crystal  slice  has  to  be  cut  in  a  y)articular  way,  the 
length  which  determines  the  frequency  being  measured 
along  a  particular  axis.  Quartz  crystals  are  hexagonal  in 
cross  section.  If  we  call  the  axis  joining  two  opposite 
corners  the  X-axis  and  the  axis  at  right  angles  to  this 
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the  F-axis,  we  find  that  the  best  results  are  obtained  with 
slices  cut  from  the  crystal  with  sides  parallel  to  the  F-axis. 
This  is  known  as  a  X-cut  crystal  since  its  face  is  normal 
to  the  X  axis. 

Such  a  crystal  will  have  two  modes  of  oscillation,  one 
corresponding  to  vibration  along  its  length  y  in  the  F-axis 
direction  and  the  other  (higher)  oscillation  corresponding 
to  its  breadth  x  in  the  X-axis  direction.  There  is  no 
oscillation  corresponding  to  the  Z-axis. 

The  frequencies  of  these  oscillations  are  given  by 

fy  =  2730/y  and  =  2730/a: 

where  /  is  in  k/c,  and  x  and  y  are  in  mm. 

A  crystal  cut  with  its  sides  parallel  to  the  A'-axis  has 
only  one  mode  of  oscillation — that  corresx)onding  to  its 
depth  in  the  F  direction  and  it  is  known  as  a  F-cut  cr3"stal 
in  consequence.  This  is  given  by 

/=  2070/y 

where  y  is  in  mm.  as  before. 

X-cut  crystals  have  a  negative  temperature  coefficient 
while  I'-cut  crystals  are  positive.  Kecently  a  cut  known 
as  the  AT  ov  constant  temperature  cut  has  been  evolved 
in  which  these  two  opposite  effects  are  caused  to  offset  one 
another  giving  a  cr^^stal  which  does  not  require  temperature 
correction. 

There  are  also  numeroub  forms  of  circuit  arrangement 
some  of  them  arranged  to  generate  frequencies  which  are 
a  multiple  of  the  fundamental  crystal  frequency,  this  being 
knowTi  as  harmonic  excitation. 

For  further  information  on  points  of  detail  the  reader 
should  refer  to  Radio  Engineering  by  Teriuan  or  Short  Wave 
Radio  by  the  present  author. 

Short-wave  Receiving  Aerials. 

Though  short-wave  transmissions  can  be  received  on  a 
normal  fairly  short  aerial,  it  is  preferable  to  use  a  special 
arrangemi^nt,  and  some  such  device  is  always  used  for 
commercial  reception.  For  beam  reception  an  array  would 
be  used  similar  to  those  described  for  transmission,  but 
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for  broadcast  reception  a  simpler  aerial  is  used,  usually 
more  or  less  directional  in  character. 

The  Beverage  aerial  described  in  Chapter  VIII  is  par¬ 
ticularly  suitable  for  short  waves.  The  length  of  such  an 
aerial  should  be  several  wavelengths,  which  runs  into  miles 
at  medium  or  long  wavelengths  but  is  only  a  few  hundred 


Fig.  126.  V  Aerial  for  Short-wave  Reception 

feet  on  short  waves.  The  forward  end  is  earthed  through 
a  resistance  equal  to  the  surge  impedance  of  the  line,  the 
receiver  being  coupled  to  the  far  end  through  a  matched 
transformer. 

The  directivity  of  such  an  aerial  is  not  dependent  on 
the  wavelength  which  enables  it  to  be  used  over  a  wide 
range  of  frequencies.  Two  such  aerials  side  by  side  are 
often  used,  while  several  may  be  employed  separated  by 
several  wavelengths  for  diversity  reception. 

Diamond  Aerial. 

Another  form  of  aerial  capable  of  sharp  discrimination 
between  forward  and  backward  reception  is  shown  in 
Fig.  126.  Consider  a  vertical  wire  acted  upon  by  a  wave, 
and  terminated  at  the  earth  end  by  its  characteristic 
impedance.  The  voltages  induced  in  the  different  parts  of 
the  wire  will  all  be  slightly  different  in  phase  on  arrival 
at  the  termination  because  of  the  increasing  distance  which 
they  have  to  travel,  but  they  will  nevertheless  add  up  to 
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give  a  positive  resultant  provided  the  wire  is 'less  than 
A/2  long. 

If  the  wire  is  exactly  A/2  in  length  the  resultant  will 
be  a  maximum.  Beyond  this  point  the  currents  coming 
from  the  far  end  will  be  out  of  phase,  causing  the  resultant 
to  decrease  again  and  if  the  wire  is  one  wavelength  long 
the  resultant  becomes  zero.  If,  however,  the  top  of  the 


Fig.  127.  Horizontal  Diamond  Aerial 


wire  is  advanced  half  a  wavelength  into  the  wave  direction, 
the  currents  at  the  top  will  receive  half  a  wavelength  start 
and  will  therefore  arrive  at  the  bottom  in  phase  and  so 
for  all  the  elements  down  the  wire,  so  that  maximum 
current  will  again  be  obtained. 

The  whole  aerial  comprises  two  such  wires,  tilted  at  the 
correct  angle,  A  forward  wave  then  builds  up  continuously 
and  gives  maximum  response,  but  a  wave  from  the  wrong 
direction  or  of  different  wavelength  does  not  build  up. 
Moreover,  waves  from  the  back  direction  build  up  their 
voltage  at  the  point  B.  where  they  are  absorbed  by  the 
resistance  Ji  without  reflection.  The  successful  operation 
of  this  discrimination,  however,  involves  careful  adjustment 
of  R. 

Horizontal  Diamond. 

A  modification  of  this  is  the  horizontal  diamond  shown 
in  Fig.  127.  Here  a  symmetrical  arrangement  is  employed 
which  avpids  earthing  and  makes  the  adjustment  of  R 
simpler.  The  sides  arc  made  several  wavelengths  long 
which  nullifies  the  wavelength  selectivity  over  a  wide  band, 
but  retains  the  directional  discrimination.  The  actual 
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length  of  side  and  the  angle  of  the  diamond  depends  on 
the  inclination  to  the  ground  of  the  wave-front  to  be 
received.  It  is,  of  course,  only  responsive  to  the  horizontal 
component  of  the  received  wave  of  which  there  is  usually 
an  ample  supply,  owing  to  twisting  of  the  plane  of  polariza¬ 
tion  during  reflection  from  the  Heaviside  Layer. 

There  are  numerous  other  forms  of  aerial,  but  it  is  not 
considered  desirable  to  discuss  them  at  length.  The  reader 
who  desires  further  information  should  refer  to  Short  W ave 
Wireless  Communication ^  by  Ladner  and  Stoner,  “Beam 
Arrays  and  Transmission  Lines,”  by  Walmsley,  Journal 
Vol.  69,  Feb.,  1931,  and  “Developments  in  Short¬ 
wave  Directive  Antennae,”  by  Bruce,  Proc,  LK.E.,  Vol.  19, 
August,  1931. 

Short-wave  Receivers. 

Short-wave  receivers  follow  ordinary  r(‘ceiver  technique 
with  due  allowance  for  the  much  hightT  frequency.  The 
coils  used  should  be  wound  with  stout  wire  and  the  insulat¬ 
ing  material  chosen  with  care  to  minimize  losses. 

A  simple  receiver  would  comprise  an  h.f.  isolating  stage 
feeding  a  reacting  detector  followed  by  l.f.  stages  as  re¬ 
quired,  Simple  detector-1. f.  sets  are  of  limited  use  because 
of  the  greater  effect  of  aerial  variations  at  short  waves. 
Any  variation  of  capacitance,  due  to  swaying  in  the  wind 
or  similar  causes,  will  alter  the  frequency  by  a  sufficient 
amount  to  produce  large  variations  in  the  heterodyne  note 
(assuming  c.w.  reception)  or  of  the  tune  itself  which  would 
adversely  affect  a  critically  adjusted  telephony  receiver. 
A  buffer  h.f.  stage  minimizes  both  these  defects. 

The  h.f.  gain  obtainable '  is  limited,  mainly  due  to  the 
low  dynamic  impedance  of  the  coils.  The  inductance  is 
only  a  few  microhenries  so  that  LICK  is  rarely  more  than 
10  000  ohms,  giving  a  stage  gain  with  a  screened  valve 
of  the  order  of  20  and  often  less.  This,  however,  is  quite 
sufficient  for  the  purpose.  A  coupled  aerial  winding  will 
give  an  additional  step-uj)  of  2  or  3  if  properly  designed, 
though  with  imperffict  de^sign  it  is  easy  to  produce  a  step- 
down  rather  than  a  step-up. 

More  sensitive  receivers  may  employ  several  h.f.  stages, 
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•each  giving  a  small  gain  of  10  to  20.  Such  arrangements 
are  practical  particularly  for  reception  over  limited  bands 
of  frequency.  The  high  frequency  of  the  currents  involved, 
however,  requires  particularly  good  decoupling  condensers. 
The  usual  paper  condensers  are  not  always  satisfactory 
and  mica  condensers  of  O-Ol^F.  capacitance  are  preferable. 

The  more  usual  type  of  receiver  for  long-range  reception, 
however,  is  the  superheterodyne  using  an  i.f.  of  400-500  k/c. 
If  two  or  more  signal  frequency  circuits  are  employed  prior 
to  the  frequency  changer  (preferably  in  association  with 
an  h.f.  stage)  the  signal-frequency  selectivity  is  sullicient 
to  avoid  second  channel  interference  and  the  necessary 
adjacent  channel  selectivity  is,  of  course,  obtained  from  the 
i.f.  stages.  Ellicient  a.v.c.  is  a  considerable  advantage 
owing  to  the  serious  fading  which  is  inseparable  from 
short-wave  reception  which  is  almost  entirely  carried  out 
by  the  '‘sky’*  wave. 

The  characteristics  of  short-wave  transmissions  and 
the  mechanism  of  reflection  from  the  Heaviside  and 
Appleton  layers  are  discussed  in  Volume  I,  Chapters 
XXIX  and  XXX. 

Frequency  Modulation. 

An  entirely  new  technique  is  developing  from  the  work 
of  Armstrong  and  others  in  the  field  of  frequency  modulated 
transmission.  Here*,  instead  of  varying  the  amplitude  of 
the  carrier,  the  frequency  is  changed  by  a  small  amount. 
The  (‘xtent  of  th(‘  change  depends  upon  the  intensity  of 
the  modulation  required  and  the  rate  of  change  is  x)ropor- 
tional  to  the  modulation  frequency.  * 

A  spc'cial  form  of  detecting  circuit  must  be  adopted  since 
the  amplitude  of  the  carrier  does  not  change,  and  because 
of  this  the  signal  to  noise  ratio  is  improved  immensely 
because  most  of  the  extraneous  noise  due  to  atmospheric 
and  local  interference  which  accompanies  a  normal  trans¬ 
mission  is  such  as  to  vary  the  amplitude  of  the  carrier. 

A  more  ^detailed  discussion  of  this  system,  with  refer¬ 
ences  to  suitable  literature,  will  be  found  in  Short  Wave 
Radio  (Pitman)  by  the  present  author. 


CHAPTER  XIII 

ULTRA-SHORT  WAVES 

The  increasing  use  of  higher  and  higher  frequencies  has 
resulted  in  the  technique  of  transmission  outstripping  that 
of  reception  by  an  appreciable  margin.  The  usefulness  of 
short  waves  for  long-distance  communication  ceases  at 
about  30  megacycles  (10  metres),  because  beyond  this  point 
the  waves  are  insufficiently  refracted  (i.e.  bent  round)  at 
the  Heaviside  Layer  to  return  to  earth  again.  Wavelengths 
below  this  limit,  therefore,  are  usually  termed  ultra-short 
waves,  and  their  range  is  restricted  to  optical  limits.  In 
other  words,  there  is  little  bending  round  the  surface  of 
the  earth,  and  any  serious  obstruction  in  the  path  of  the 
rays  will  act  as  a  complete  barrier. 

During  1935,  however,  authentic  cases  have  been  reported 
of  reception  over  thousands  of  miles  on  these  waves.  The 
television  transmissions  from  the  Brocken  mountains,  for 
example,  on  approximately  7  metres  have  been  received 
by  G.P.O.  engineers  in  London  on  many  occasions  and 
it  is  reported  that  signals  have  been  heard  in  both  North 
and  South  America. 

Bearing  in  mind  the  enormous  development  in  ordinary 
short-wave  technique  after  such  waves  had  been  discarded 
as  useless  it  seems  unwise  to  dogmatize.  It  seems  fairly 
certain,  however,  that  such  reception  is  of  a  freak  nature, 
and  the  service  area  of  a  transmitter  will  still  be  limited 
to  quasi-optical  range. 

Obviously,  the  higher  the  transmitter  the  greater  the 
range  and  distances  of  several  hundred  miles  have  been 
covered  with  certainty  from  transmitters  lo(‘ated  on  tops 
of  mountains,  notably  by  Walters,  the  British  amateur, 
operating  from  Snowdon.  Conversely,  a  transmitter  on  the 
ground  can  be  received  by  an  aeroplane  at  long  range  and 
increasing  use  is  being  made  of  such  wavelengths  for  aerial 
purposes. 

As  regards  long-distance  reception  the  problem  can  be 
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divided  into  two  classes.  The  first  is  reception  up  to  100 
miles  or  so  and  it  would  appear  that  such  ranges  can  be 
explained  by  assuming  a  greater  refraction  of  the  waves 
in  the  lower  atmosphere  than  would  normally  be  expected. 
There  is  evidence  to  show  that  such  ranges  are  obtained 
during  periods  of  marked  temperature  inversion,*  which 
could  account  for  such  a  refraction  and  it  is  even  suggested 
that  use  may  be  made  of  this  fact  by  the  meteorologist. 

The  second  type  of  long  distance  reception  covering 
thousands  of  miles  is  much  less  reliable  and  no  valid 
explanation  is  forthcoming  as  yet.  Tt  may  be  that  there 
are  further  ionized  layers 
beyond  the  Heaviside  and 
Api)lcton  layers,  which 
have  still  to  be  discovered. 

The  limited  range  of  the 
waves  is  in  some  respects 
an  advantage,  because  one 
of  the  principal  difficulties 
to-day,  particularly  with 
broadcast  transmissions,  is 
the  interference  caused  by 
stations  outside  the  area 
which  they  are  intended  to 
serve.  The  purely  local 
character  of  ultra-short 
wave  transmissions  has 
been  put  forward  as  a  solu¬ 
tion  to  the  broadcasting  problem,  while  thcTe  arc  numerous 
other  applications  in  which  the  local  character  of  the  radia¬ 
tion  is  helpful.  It  is,  indeed,  to  be  hoped  that  nothing 
will  transpire  to  disturb  the  present  state  of  affairs  which 
enables  the  same  or  similar  wavelengths  to  be  used  simul¬ 
taneously  in  many  parts  of  the  country  without  fear  of 
interference. 

*  Normally  the  air  temperature  decreases  approximately  1°  C.  foi 
every  300  ft.  rise  in  elevation.  Sometimes,  however,  the  tempera¬ 
ture  may  rise^with  altitude  and  this  is  termed  temperature  inversion. 
Thus  a  layer  of  warm  air  on  top  of  cool  air  provides  good  reception 
conditions,  particularly  if  this  inversion  occurs  between  900  and 
7  500  ft.  altitude. 

«“-(T.54iq 


Height  of  Transmitter  {ft?) 

Fig.  128.  Variation  of  Optical 
J^ANGE  WITH  Height 
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The  range  of  the  transmission,  calculated  on  an  optical 
basis,  in  terms  of  the  height  of  the  transmitter  is  shown 
in  Fig.  128. 

A  further  advantage  of  ultra-short  wavelengths  is  that, 
owing  to  the  high  carrier  frequency,  wide  modulation 
bands  can  be  used,  and  this  is  particularly  helpful  for 
television  and  similar  purposes  where  a  band  of  several 
hundred  kilocycles  may  be  required.  On  the  other  hand, 
the  undoubted  effect  of  any  obstruction  rondcTs  reception 
more  difficult.  Moving  the  aerial  from  the  side  to  the  top 
of  the  building  may  make  all  the  difference  between  success¬ 
ful  reception  and  the  reverse. 

Generating  Circuits. 

The  generation  of  ultra-short  waves  can  be  carri(‘d  out 
by  ordinary  oscillating  valves  down  to  limits  of  about 
1  metre.  The  coils  have  to  be  quite  small  and  the  layout 
of  the  wiring  has  to  be  carefully  considered,  as  the  induct¬ 
ance  of  any  loops  in  the  wiring  may  exceed  that  of  the  coils 
themselves.  Tn  fact,  it  is  often  better  to  arrange  the  wiring 
in  the  form  of  a  fairly  small  loop  and  to  use  this  as  the 
inductance. 

Power  amplification  at  those  frequencies  is  difficult, 
but  drive  circuits  are  still  desirable  from  the  point  of 
view  of  frequency  stability,  and  also  to  obtain  as  much 
power  ill  the  aerial  as  possible  owing  to  the  limitations  of 
the  self-oscillating  coupled  circuit. 

Reception  of  Ultra-short  Waves. 

The  design  of  receivers  for  ultra-short  waves  is  a  matter 
of  some  difficulty,  though  the  technique  is  developing  fast. 
The  simple  reacting  detector  is  of  use  at  short  ranges  if 
a  rigid  aerial  is  employed,  though  the  super-regenerative 
detector  is  more  sensitive.  This  arrangement,  described  in 
more  detail  in  Volume  I,  comprises  a  detc^ctor  which  is 
made  to  oscillate  but  is  quenched  at  a  high  audio  or  super¬ 
sonic  frequency  by  suitable  means.  The  oscillation  then 
builds  up  to  a  value  proportional  to  the  signal  picked  up 
and  will  thus  follow  the  modulation  of  the  received  signal 
satisfactorily  and  will  give  large  amplification. 
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The  essence  of  successful  operation  is  that  the  quenching 
must  occur  before  the  oscillation  has  reached  its  limiting 
value.  Otherwise  the  final  value  before  quenching  will 
clearly  not  be  proportional  to  the  modulation  of  the  received 
signal.  The  seh^ctivity  of  the  system  is  poor  and  it  is  apt 
to  be  noisy  owing  to  the  large  gain  which  brings  up  back¬ 
ground  noise  equaliy  with  the  signal. 

Straight  h.f.  «amplifi cation  has  been  achieved  at  these 
wavelengths  by  using  small  capacitances  to  obtain  a  reason¬ 
able  LjC  ratio.  This  involves  the  use  of  special  valves 
having  no  eaj)s  or  holders  of  the  usual  type,  the  leads 
being  brought  out  through  the  sides  and  taken  direct  to 
the  circuit  via  skek'ton  holders  which  introduce  no  appre¬ 
ciable  length  of  lead  and  have  negligible  capacitance.  The 
valve  structure  is  also  on  a  small  scale  since  this  reduces 
the  valve  capacitance  considerably.  The  valve  itself  looks 
like  an  acorn  and  is  about  the  same  size,  so  that  such 
valves  have  been  call(‘d  “acorn  tubes.” 

Alternatively  the  sui)erheterodyne  principle  may  be  used, 
the  frequency  being  converted  to  10  or  20  megacycles  at 
which  stage  gains  of  30  to  oO  are  possible.  This  gain  may 
have  to  lx*  liniitcxl  if  a  wide  band  width  is  required,  as 
explaiii(‘d  in  C^haj)ter  XV  on  Television. 

Special  half-wave  aerial  syst(^ms  are  desirable,  located 
at  a  height  of  one  or  more  wavelengths  to  bring  them  above 
the  level  of  local  screening  and  to  avoid,  as  far  as  possible, 
the  interference  from  motor-cars,  the  ignition  systems  of 
which  radiate  damped  waves  on  about  7  metres.  The  aerial 
is  coupled  to  tlu‘  set  tlirough  suitable  feeders  of  the  type 
described  in  Chapter  111. 

Electronic  Oscillations. 

Below  about  1  metre  the  frequency  becomes  so  high 
that  it  is  comparable  with  the  speed  at  which  the  electrons 
are  moving  inside  the  valve.  This  being  the  case,  there 
is  an  appreciable  time  lag  in  the  response  of  the  electrons, 
and  the  phase  relations  are  no  longer  satisfactory  for  the 
maintenance  of  the  oscillation.  An  entirely  new  technique 
is  required  for  the  production  of  these  micro  waves,  as  they 
are  sometimes  called. 
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One  method  is  by  use  of  the  Barkhausen-Kurz  effect, 
which  was  discovered  by  two  German  engineers  during 
experiments  on  the  vacuum  of  transmitting  valves.  If  the 
grid  of  the  valve  is  at  a  high  positive  potential,  electrons 
are  attracted  across  from  the  filament.  They  will  shoot 
through  the  grid,  but  are  prevented  from  reaching  the 
anode  b}^  the  fact  that  the  voltage  on  that  electrode  is 


less  than  that  on  the  grid,  being  actually  zero  in  some  cases. 
They  therefore  return  to  the  grid,  but  again  slioot  through 
the  spaces  until  the  positive  voltage  on  the  grid  manages 
to  pull  them  up  and  they  commence  to  return  once 
again. 

Thus,  the  electrons  inside  the  valve  are  themselves 
oscillating  backwards  and  forwards  around  the  grid,  and 
they  do  this  at  a  very  high  frequency,  dependent  upon 
the  dimensions  of  the  valve  itself. 

It  might  appear  that  the  various  electrons  would  all 
oscillate  at  random,  the  total  effect  being  little  or  nothing 
due  to  cancellation.  Actually,  however,  a  random  dis¬ 
tribution  is  unstable  and  any  deviation  from  the  normal 
motion  in  unison  sets  up  forces  which  rapidly  bring  the 
offending  electron  to  rest. 

A  good  treatment  of  the  subject  will  be  found  in  a  paper 
by  Hollman  entitled  “On  the  Mechanism  of  Electron 
Oscillations  in  a  Triode,”  Proc.  February,  1929. 
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External  Circuit. 

The  appearance  of  current  in  the  external  circuit  arises 
from  the  movement  of  the  electrons  past  the  grid.  The 
electrons  in  the  grid  wires  are  alternately  repelled  and 
attracted  as  the  electron  cloud  in  the  valve  surges  back 
and  forth. 

An  external  circuit  consisting  of  a  Lecher  wire  is  con¬ 
nected  to  grid  and  anode,  the  direct  voltage  supply  to 
the  electrodes  being  fed  in  at  a  voltage  node  through 
suitable  radio-frequency  chokes.  The  circuit  is  shown  in 
Fig.  129.  The  influence  of  the  external  circuit  on  the 
frequency  of  the  oscillation  is  not  altogether  agreed  by 
various  investigators,  but  it  has,  at  any  rate,  to  be  tuned 
approximately  to  the  frequency  determined  by  the  dimen¬ 
sions  of  the  valve  and  the  voltages  on  the  electrons.  Very 
roughly,  the  wavelength  is  given  by  the  expression 

2  000  AV,-BV^ 

v,-\\ 

where  Vg  and  \\  are  the  grid  and  anode  voltages,  A  is 
the  distance  from  anode  to  filament  and  B  is  the  distance 
from  grid  to  filament. 

Glill-Morrell  Oscillations. 

A  slightly  different  form  of  oscillation,  also  dependent 
upon  the  valve,  was  discovered  by  Gill  and  Morrell  more 
recently.  Here  the  anode  of  the  valve  was  considerably 
farther  away  than  usual,  and  the  oscillation  obtained  did 
not  agree  with  the  Barkhausen-Kurz  theory.  The  dis¬ 
coverers  explain  this  oscillation  by  assuming  a  sort  of 
compression  and  rarefaction  of  the  space  charge  inside  the 
valve,  but  the  fact  remains  that,  as  before,  the  oscillations 
are  controlled  by  the  voltages  on  the  electrodes  and  are 
led  out  into  a  radiating  system  through  a  suitable  tuned 
feeder. 

For  further  information  on  this  subject  the  reader  is 
referred  to  a  paper  by  Megaw,  Journal  Volume  72, 

April,  1933. 
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The  Magnetron. 

Another  form  of  ultra-short  wave  oscillator  is  the  mag¬ 
netron,  in  which  the  movement  of  the  electrons  is  controlled 
magnetically  instead  of  electrostatically.  This  typo  of 


Fig.  130.  Illl'strating  Fig.  131.  Magnetron 

Action  of  Magnetron  Characteristic 


valve  was  actually  developed  as  far  back  as  1920  by  Dr. 
Hull  in  America,  but  it  was  not  a  satisfactory  proposition 
at  ordinary  radio  frc(piencies.  The  valve  consists  of  a 


Fig.  132.  Magnetron  Circuit 


cathode  and  anode,  while  an  axial  magnetic  field  is  produced 
by  suitable  external  means.  The  arrangement  is  illustrated 
in  Fig.  130. 

The  operation  is  as  follows.  The  electrons  leave  the  cat¬ 
hode  and  proceed  to  travel  straight  to  the  anode.  The  axial 
magnetic  field,  however,  deflects  them  at  right  angles,  as 
shown  in  Fig.  130.  Tf  the  field  is  strong  enough,  the  electrons 
never  reach  the  anode  at  all  but  travel  round  in  circles. 
There  is  thus  a  very  critical  cut-off  point  depending  upon 
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the  strength  of  the  magnetic  field,  a  typical  magnetron  char¬ 
acteristic  being  as  shown  in  Fig.  131. 

It  is  clear  that  the  electrons  which  fail  to  reach  the 
anode  will  return  to  the  cathode  with  some  definite  oscilla¬ 
tion  period,  and  oscillations  can  therefore  be  generated 
in  this  valve  rather  similar  to  the  Barkhausen-Kurz  type. 
In  fact,  the  highest  frequency  generated  at  the  time  of 
writing  has  been  obtained  by  Yagi,  who  has  achieved  over 
5  000  megacycles  (less  than  6  cm.). 

An  alternative  method  of  using  the  magnetron  is  to 
employ  a  split  anode  arrangement,  as  shown  in  Fig.  132. 
With  tliis  particular  system  it  is  found  that  the  oscillation 
frequency  is  controlled  entirely  by  external  circuit,  so  that 
the  valve  may  be  used  to  cover  a  range  of  wavelengths, 
which  is  a  useful  property.  The  true  explanation  is  not 
too  clearly  understood,  but  it  is  briefly  as  follows :  If  the 
two  anodes  are  connected  to  differing  positive  potentials 
it  is  found  that  the  anode  with  the  higher  h.t.  voltage 
takes  less  current  than  its  partner.  A  tuned  circuit  con¬ 
nected  across  the  anode,  therefore,  will  experience  a  nega¬ 
tive  resistance  effect,  an  increase  in  voltage  of  one  anode 
being  accompanied  by  a  decrease  in  the  valve  current, 
and  if  this  is  sufficient  in  value  it  will  make  up  for  the  losses 
in  the  tuned  circuit  and  maintain  continuous  oscillation. 

The  independence  of  the  oscillation  on  the  valve  will 
be  clear,  since  it  is  purely  the  d\iiatron  or  negative-resist¬ 
ance  action  which  is  maintaining  the  oscillation. 

Further  information  may  be  obtained  from  a  companion 
paper  by  Megaw  to  that  already  mentioned  in  the  same 
volume  of  the  I.E.E.  Journal, 


CHAPTER  XIV 

MEASUREBflLENTS  IN  RADIO  COMMUNICATION 

The  field  of  measurement  in  radio  communication  ranges 
from  the  determination  of  simple  constants  such  as  resist¬ 
ance,  inductance  and  capacitance,  and  fundamental  quan¬ 
tities  such  as  current,  voltage  and  power,  up  to  tests  on 
complete  receivers  for  sensitivity,  fidelity,  selectivity. 

The  simpler  forms  of  measurement  have  already  been 
discussed  in  Volume  I,  but  we  shall  consider  here  some 
of  the  more  advanced  measurements,  although  a  complete 
discussion  of  measurement  technique  is  beyond  the  scope  of 
this  work.  Inductance,  capacitance  and  h.f.  resistance  will 
not  be  mentioned,  as  they  have  already  been  dealt  with. 

Current  and  Voltage. 

Some  reference  may  be  made,  however,  to  the  methods 
adopted  for  measuring  current  and  voltage  in  communica¬ 
tion  engineering.  For  d.c.  measurements  a  moving-coil 
meter  is  used,  and  the  only  point  to  be  noted  here  is  that 
the  connexion  of  the  meter  across  the  circuit  should  not 
affect  the  reading  in  question. 

For  instance,  consider  the  circuit  of  Fig.  133,  where  we 
require  to  measure  the  voltage  on  the  anode  of  the  valve. 
The  current  taken  by  the  voltmeter  will  have  to  flow  through 
the  anode  resistance,  and  will  thertffore  increase  the  voltage 
drop  so  that  the  voltage  at  the  anode  will  be  less  than 
its  normal  amount.  If  the  voltmeter  is  an  insensitive  one 
it  may  take  more  than  the  valve  itself,  giving  misleading 
results. 

The  remedy  is  to  use  a  sensitive  voltmeter  which  takes 
only  about  1  mA.  for  full-scale  deflection,  but  even  so  it 
is  better  to  measure  the  voltage  across  the  resistance.  If 
the  voltmeter  is  reading  100  volts  maximum  and  takes 
1  mA.  for  full-scale  deflection,  it  must  obviously  have  an 
internal  resistance  of  100  000  ohms.  The  connexion  of  such 
a  resistance  across  an  anode  resistance  of,  say,  20  000  ohms 
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would  produce  a  negligible  error  (although  some  error  would 
exist  and  could  be  calculated  if  necessary).  Knowing  the 
h.t.  voltage,  the  anode  voltage  can  be  deduced  by  simple 
subtraction. 

This  somewhat  lengthy  example  is  given  to  show  the 
importance  of  allowhig  for  the  current  taken  by  the  meter 


Fig.  133.  Illitstrating  Influence 
OF  Meter  on  Circuit 

Tho  current  taken  by  the  voltmeter  V  may 
Mtuate  the  voltage  reading 


(or  the  voltage  dropped  across  the  meter  in  the  case  of 
a  milliammeter  which  is  inserted  in  series  with  the  circuit). 


A.C.  Measurements. 

With  a  moving-coil  instrument  the  deflection  is  dependent 
upon  the  direction  of  the  current,  so  that  with  an  alternating 
current  no  reading  is  obtained.  For  power-frequency 
measurements  moving-iron  instruments  are  often  used. 
These  are  arrangements  of  lightly-pivoted  armatures  which 
are  attracted  by  a  coil  to  an  extent  which  depends  on  the 
current  through  the  coil.  By  a  suitable  design  a  fairly 
open  scale  can  be  obtained.  The  magnetic  pull  is  propor¬ 
tional  to  the  square  of  the  current,  so  that  the  meter  is 
insensitive  to  small  currents  but  becomes  much  more 
sensitive  ^as  the  current  increases.  By  suitable  design, 
however,  the  deflection  for  the  larger  currents  can  be 
limited,  so  that  a  fairly  uniform  scale  is  obtained. 

The  moving-iron  instrument,  however,  is  not  a  sensitive 
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one,  it  being  difficult  to  produce  a  movement  giving  full- 
scale  deflection  on  as  little  as  5  mA.  Added  to  this  the 
instrument  is  only  suitable  for  low  frequencies,  because 
the  self- capacitance  of  the  winding  will  introduce  resonant 
effects  at  higher  frequencies. 

Rectifier  Meters. 

For  audio-frequency  voltages  a  different  form  of  meter 
has  to  be  used.  One  quite  commonly  employed  is  the 
rectifier  meter.  This  consists  of  a  moving-coil  meter,  the 
current  to  which  is  supplied  through  a  small  bridge  rectifier 


as  shown  in  Fig.  134.  Research  into  rectifier  design  has 
evolved  types  which  are  free  from  serious  frequency  error 
up  to  nearly  100  000  cycles  per  sec.,  and  since  a  moving- 
coil  meter  can  be  used  this  form  of  instruincnt  is  quite 
sensitive. 

Its  principal  disadvantage  is  that  it  measures  the  mean 
rectified  current.  What  we  require  to  know  is  usually  the 
r.m.s.  current.  The  instrument  can  be  calibrated  on  a  sine 
wave  to  read  the  r.m.s.  value,  but  this  calibration  will 
obviously  not  hold  if  the  wave  form  is  seriously  distorted. 
In  fact,  quite  a  small  amount  of  distortion  is  suflicient 
to  introduce  error  of  5  per  c*ent  or  10  ])er  C’ent,  and  as 
distortion  is  quite  common  in  audio-frequency  measure¬ 
ments,  particularly  during  investigation,  this  inherent 
disability  of  the  rectifier  meter  should  always  be  borne 
in  mind. 

Thermal  Meters. 

The  next  type  of  instrument  is  the  thermal  meter.  For 
measurement  of  large  currents  of  the  order  of  amperes, 
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a  hot-wire  meter  can  be  employed.  This  is  a  meter  in 
which  the  increase  in  length  of  a  thin  stretched  wire  is 
caused  to  operate  a  pointer  through  a  series  of  silk  cords. 
For  more  sensitive  work,  however,  the  thermo-couple  type 
of  meter  is  used.  Here  the  current  is  passed  through  or 
close  to  the  junction  of  two  dissimilar  metals,  and  the 
heat  generated  develops  a  voltage  at  the  junction.  This 
voltage  is  applied  to  a  sensitive  moving-coil  meter  which 
can  be  calibrated  directly  in  terms  of  the  alternating  current 
flowing  through  the  heater  wire. 

The  thermo-couple  may  be  built  in  to  the  instrument 
or  may  be  separate,  the  latter  course  being  adoj)ted  for 
larger  currents,  and  also  sometimes  for  smaller  ones  owing 
to  the  ease  of  replacement.  The  disadvantage  of  this  kind 
of  meter  is  that  it  only  has  a  small  overload  factor,  so  that 
if  the  current  exceeds  the  full  load  current  of  the  meter 
by  more  than  50  per  cent,  there  is  a  danger  that  the  heater 
wire  will  become  so  hot  that  it  will  burn  out  and  have  to 
be  replaced.  A  special  form  f)f  bridge  circuit  has  been 
developed  by  the  Weston  Electrical  Instrument  Co.,  which 
will  withstand  a  heavier  overload,  and  this  is  used  in  many 
of  their  meters. 

The  thermal  meter  obeys  a  strict  square  law,  so  that 
it  is  insensitive  towards  the  bottom  of  the  scale  but  gives 
a  wide  scale  at  the  to]).  This  is  a  disadvantage  which 
cannot  he  j) voided.  For  the  in(»asurem(»nt  of  still  smaller 
currents  vacuo-jmirtions  are  used,  these  consisting  of  thermo¬ 
couple's  mounted  in  a  glass  bulb  from  which  the  air  is  ex¬ 
hausted,  as  this  is  found  to  improve  the  sensitivity. 

Junctions  are  made  giving  a  full-scale  eleflection  with  a 
current  of  1  inA.  only.  With  such  junctions,  however,  the 
heater  wire  has  to  be  so  fine  that  the  resistance  is  several 
hundred  ohms,  which  often  has  a  serious  effect  on  the 
circuit  in  which  the  meter  is  inserted.  Generally  speaking, 
a  thermo- junction  has  a  r(\sistance  of  something  under 
5  ohms  for  ordinary  w^ork. 

Voltages  are  measurable,  of  course,  by  inserting  suitable 
series  resistances,  but  since,  even  under  the  best  conditions, 
the  current  required  for  full-scale  deflection  is  10  or  20  mA. 
the  thermal  voltmeter  is  little  used. 
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Valve  Voltmeters. 

An  instrument  much  used  for  voltage  measurements  in 
communication  work  is  the  valve  voltmeter,  which  is  simply 
a  rectifying  valve  with  a  meter  in  the  anode  circuit.  Various 
forms  of  the  instrument  are  made,  of  differing  sensitivities, 
depending  upon  the  requirements.  Fig.  135  shows  a  typical 
“reflex’’  circuit  in  which  an  anode-bend  arrangement  is 
used,  the  bias  being  obtained  by  the  voltage  drop  across 
a  resistance  in  the  anode  circuit.  Consequently,  as  the 


Fig.  135.  Reflex  Valve-voltmeter  Circuit 


anode  current  increases  due  to  the  application  of  a  signal, 
the  grid  bias  also  increases  and  tends  to  restrict  the  rise 
of  current.  In  this  way,  the  deflocjtion  can  be  maintained 
more  or  less  proportional  to  the  input  signal. 

To  avoid  Miller  effect,  i.e.  the  introduction  of  positive 
input  resistance  due  to  f(*ed-back  through  the  valve  cap¬ 
acity,  a  large  condenser  is  shunted  from  anode  to  cathode. 
Since  we  only  require  to  measure  d.c.  in  the  anode  circuit, 
this  condenser  can  be  really  large,  and  as  much  as  2  fiF. 
is  used  in  some  circiimstanees.  In  Fig.  135  the  small  steady 
current  through  the  meter  is  balanced  out  by  a  voltage 
obtained  from  a  potentiometer  across  the  filament,  in 
series  with  a  resistance  R  to  avoid  short-circuiting  the 
meter. 
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The  valve  voltmeter  again  only  measures  the  mean 
current  and  has  to  he  calibrated  in  terms  of  r.m.s.  voltage 
BO  that  it  is  still  subject  to  wave  form  error,  but  this  can 
be  minimized  by  reversing  the  leads  to  the  input.  If  the 
reading  is  diflerent  the  wave  form  is  distorted,  but  the 


Fig.  13().  Circuit  of  Peak  Vauve -voltmeter 

average  of  the  two  readings  will  give  the  correct  result 
to  a  fair  approximation. 

Fig.  130  illustrates  a  special  form  of  valve  voltmeter 
designed  to  measure  the  peak  voltage  of  a  signal.  It  is, 
in  effect,  a  grid  rectifier  with  a  meter  in  the  grid  circuit 


to  estimate  the  grid  current.  This  current  is  actually 
proportional  to  the  peak  value  of  the  applied  signal,  as 
is  obvious  from  the  theory  of  the  grid  rectifier. 

An  alternative  type  of  meter  is  the  slide-back  voltmeter 
(Fig.  137).  Here  the  bias  is  adjusted  with  no  signal  to 
give  some  small  value  of  anode  current.  The  signal  is  then 
applied,  causing  the  anode  current  to  increase.  The  grid 
bias  is  now  increased  until  the  current  is  the  same  as  before. 
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The  difference  in  the  grid  bias  is  the  peak  value  of  the 
signal. 

For  further  data  on  valve  voltmeters  the  reader  should 
refer  to  papers  bv  E.  B.  Moullin,  Journal  I.E.E.,  Vol.  66, 
p.  886,  and  Vol.  68,  p.  1039. 

Dynamometer  Instruments. 

For  certain  classes  of  work,  dynanumivter  instruments 
are  used.  These  em})loy  an  arrangement  of  two  coils,  one 
fixed  and  one  moving.  If  current  is  passed  through  the 
whole  arrangement,  the  magnetic  fields  produced  interact 
and  set  up  a  force  between  the  coils,  causing  the  moving 
one  to  rotate.  This  movement  is  indicated  by  a  ])ointcr, 
and  is  proportional  to  the  square  of  the  current  in  the  circuit. 

Again  owing  to  self- capacitance  troubk\s,  these  instru¬ 
ments  are  usually  suitable  only  for  relatively  low  frequencies. 

Power  Measurement. 

The  dynamometer  instrument  is  j)articularly  useful  for 
measuring  power.  Here  the  current  is  passed  tlirough  one 
set  of  coils,  usually  the  fixed  one,  since  this  can  the  more 
easily  carry  a  larger  (Mirrent,  while  the  other  set  is  (‘onnected 
in  series  with  a  high  resistance  aiToss  the  source  of  supply 
so  that  it  measures  the  voltage.  The  resultant  force  is, 
therefore,  proportional  to  the  product  of  the  (‘urrent  and  the 
voltage,  with  due  regard  to  their  phase  rehitionship,  which 
is  exactly  what  we  require  for  measuring  the  power. 

This  class  of  instrument  can,  with  yiropcr  precautions, 
be  used  at  audio  frequencies,  but  it  is  not  muc*h  employed 
here  because  the  powers  to  be  dealt  with  arc  only  a  few 
watts,  and  it  is  an  cx])ensive  matter  to  make  a  dynamo¬ 
meter  wattmeter  of  a  low  Heading  tvj)e.  The  more  usual 
practice  for  audio  frequencies  is  to  measure  the  current 
flowing  through  a  known  resistance  in  the  cir(*uit,  or  alterna¬ 
tively  the  voltage  across  it,  when  the  power  can  be  calcu¬ 
lated  from  the  usual  relation,  W  =  l‘^ll  =  E^jR. 

Gain  Measurement. 

A  type  of  measurement  often  required  is  that  of  the 
step-up  or  gain  of  a  stage.  The  principle  adopted  here  is 
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usually  the  same  whether  at  high  or  low  frequencies.  The 
circuit  is  supplied  with  voltage  at  the  required  frequency, 
and  a  valve  voltmeter  is  arranged  to  read  the  voltage  at 
the  output  of  the  stage  in  question.  The  voltmeter  is  then 
transferred  to  the  beginning  of  the  stage,  and  the  input 
is  then  increased  till  the  voltmeter  reading  is  the  same  as 
before.  The  inciease  ne(*essary  is  equal  to  the  gain  of  the 
stage. 

The  source  of  suj)ply  is  an  oscillator  generating  current 
of  the  required  frequency,  and  the  usual  practice  is  to 


Fig.  138.  Typical  Set-up  for  Measuring  Stage  Gain 


employ  a  smaller  master  oscillator  with  suitable  provision 
for  ensuring  reasonable  constancy.  This  is  followed  by  an 
amplifying  stage,  the  output  from  wdiich  passes  into  the 
attenuator.  Fig.  13S  shows  a  typical  arrangement  which 
can  be  used  for  audio  frequencies  measuring  the  gain  of 
valve  .1.  A  similar  layout  would  be  used  for  high  frequen¬ 
cies,  with  suitable  modifications  to  allow'  for  the  higher 
frequency. 

As  in  any  measurement,  care  must  be  taken  during  the 
test  that  the  introduction  of  the  voltage  at  any  point  does 
not  alter  the  operation  of  the  circuit  seriously,  and  that 
the  connection  of  the  voltage  measurmg  device  (usually 
a  valve  voltmeter)  across  the  output  or  input  docs  not  in 
itself  affect  the  circuit  at  the  particular  frequency  at  which 
the  measurement  is  being  carried  out.  If  it  does,  some 
alternative  method  must  be  devised,  but  the  method  should 
if  possible  be  such  that  the  same  reading  is  always  obtained 
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on  the  indicating  instrument  by  increasing  or  decreasing 
the  input  suitably.  Experience  shows  that  this  is  the  best 
method,  since  the  only  variation  is  that  of  the  input  which 
can  be  accurately  controlled. 

Receiver  Measurements. 

A  development  of  this  simple  gain  measurement  is  the 
complete  measurement  of  the  performance  of  a  receiver. 
Here  a  small  dummy  transmitter  is  employed  known  as 
a  signal  generator.  It  usually  consists  of  an  oscillator 
followed  by  a  modulating  stage  (the  modulation  usually 
being  employed  on  an  amplifying  valve  instead  of  on  the 
oscillator  itself  to  avoid  frequency  modulation  as  explained 
in  Chapter  I)  and  a  radio-frequency  attenuator.  This  pro¬ 
vides  a  source  of  modulated  voltage  which  can  he  vari(‘d 
in  output  from  about  a  tenth  of  a  volt  down  to  a  few 
microvolts.  It  is  obvious  that  the  most  careful  shielding 
must  be  adopted  to  ensure  that  energy  can  only  be  obtained 
from  the  generator  via  the  output  terminals,  where  it  is 
under  proper  control,  and  not  by  any  direct  radiation 
which  would,  of  course,  invalidate  the  measurement.  In 
any  case,  it  is  always  desirable  to  keep  the  receiver  under 
test  several  feet  away  from  the  generator,  to  be  on  the 
safe  side. 

Receiver  measurements  are  carried  out  by  impressing 
on  the  aerial  a  signal  having  a  standard  modulation  (usually 
30  per  cent  at  400  cycles),  and  adjusting  the  input  so  that 
when  the  receiver  is  properly  tuned  and  operating  at  full 
efficiency  the  output  is  50  mW.  The  power  output  is 
measured  by  a  suitable  (thermal)  meter  in  series  with  a 
resistance  equal  to  the  optimum  value  for  the  particular 
output  valve  in  use,  a  choke  or  transformer  output  stage 
being  employed  to  keep  the  d.c.  out  of  the  meter. 

This  measurement  is  carried  out  at  various  frequencies 
within  the  range  of  the  receiver  and  the  sensitivity  curve 
obtained.  Fig.  139  shows  a  typical  layout. 

Selectivity  is  measured  by  mistuning  the  oscillator 
(leaving  the  receiver  unaltered)  and  increasing  the  input 
until  the  receiver  again  gives  50  mW.  output.  This  can  be 
done  for  a  series  of  frequencies  gradually  getting  farther 
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away  from  the  tune  of  the  receiver,  and  a  selectivity  curve 
plotted.  It  will,  in  fact,  be  an  inverted  resonance  curve. 

Fidelity  measurements  are  taken  by  tuning  the  receiver 
to  some  suitable  radio  frequency  and  then  varying  the 
frequency  of  the  modulation,  keeping  the  percentage  con¬ 
stant.  The  output  power  is  then  noted.  If  the  receiver 
were  perfectly  faithful,  of  course,  the  output  power  would 

_ ^Screening _ 

I  ^  -- — - ,  I  I  ArtificiAl 


Fig.  Set-up  for  Measuring  Receiver  Performance 


be  the  same  irrespective  of  the  modulation  frequency. 
In  practi(*e,  this  is  very  far  from  being  the  case. 

These  are  the  standard  measurements  made  on  a  tele¬ 
phony  receiver.  For  communication  work,  of  course,  the 
fidelity  curve  is  not  usually  required.  Numerous  other 
measurements  can  be  made.  50  raW.,  for  example,  does 
not  represent  full  power  output  by  any  means,  and  one 
can  examine  the  behaviour  of  the  receiver  as  the  input  is 
gradually  increased,  or  the  relative  output  with  constant 
input  but  dift’ering  depths  of  modulation.  Special  tests  are 
also  made  using  tMo  signal  generators  to  determine  the 
degree  of  (Toss-modulation  pre^sent  (see  page  70).  One 
generator  is  adjusted  to  give  normal  output  and  its  modula¬ 
tion  then  switched  off.  The  other  generator  is  then  mis- 
tuned  by  a  certain  amount  and  modulated  in  the  normal 
manner.  By  cross  modulation,  this  modulates  the  wanted 
carrier  and  the  input  of  the  interfering  signal  is  adjusted 
until  normal  outj)ut  from  the  wanted  carrier  is  obtained. 
This  is  then  repeated  for  varying  amounts  off  tune,  the 
interfering  signal  input  becoming  y)rogressively  larger  as  it 
becomes  more  and  more  mistimed. 


Modulation  Measurement. 

An  important  factor  in  these  measurements  is  the  estima¬ 
tion  of  the  modulation,  and  various  methods  are  employed 
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here.  Where  it  is  not  possible  to  obtain  access  to  the 
low-frequency  modulating  voltage,  the  modulation  depth 
may  be  estimated  by  noting  the  change  in  the  operating 
current  when  the  circuit  is  modulated.  Although  the  mean 
value  of  a  modulated  current  is  the  same  as  the  normal 
carrier  wave,  the  r.m.s.  value  increases,  the  rise  being 
approximately  23  per  cent  with  full  (sine  wave)  modulation. 
Actually,  the  depth  of  modulation  is  given  by  the  expression 

M  =  ^1^2^ X  100  per  cent 


where  is  the  unmodulated  current,  and  /g  is  the  modu¬ 
lated  current. 

In  a  signal  generator,  however,  it  is  usually  practicable 
to  measure  the  actual  audio-frequency  voltage  across  the 
modulating  choke,  and  the  peak  a.f.  voltage  divided  by 
the  h.t.  voltage  gives  the  percentage  modulation  rather  more 
accurately  than  can  be  dedu(‘ed  from  the  current  rise. 

Still  another  method  is  to  apply  the  modulated  signal 
to  a  detector  valve  and  measure  the  change  in  d.c.  anode 
current  and  the  alternating  anode  current.  The  latter  may 
be  estimated  by  measuring  the  modulation  fniquency 
voltage  across  a  resistance  in  the  anode  circuit.  The  a.c. 
component  divided  by  the  change  in  d.c.  current  gives 
the  modulation  depth. 

The  diode  circuit  of  Fig.  44  can  also  be  used  by  insert¬ 
ing  a  microammeter  in  series  with  li,  and  also  nuiasuring 
the  l.f.  voltage  across  E  with  a  valve  voltmeter  (a  h.f.  choke 
being  inserted  in  the  voltmeter  lead  to  keep  out  the  h.f.). 

Then  M  —  —  X  100  per  cent,  where  ^  is  the  recti- 

IrE 

fication  efficiency  of  the  diode. 


The  Cathode-ray  Tube. 

Reference  should  be  made  in  conclusion  to  the  cathode- 
ray  tube  which  is  taking  its  place  as  a  recognized  measuring 
instrument  in  communication  work.  This  consists,  in 
essence,  of  a  cathode  emitting  electrons,  and  an  anode 
in  the  form  of  a  plate  with  a  hole  in  the  centre  which 
is  maintained  at  a  steady  positive  potential.  Some  of  the 
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electrons  emitted  from  the  cathode  shoot  through  the  hole 
in  the  anode  in  the  form  of  a  pencil  or  stream  of  electrons 
which  is  allowed  to  impinge  on  a  fluorescent  screen  at  the 
end  of  the  bulb.  The  point  where  the  electron  beam  strikes 
the  screen  is  evidenced  by  the  apj)earance  of  a  small  spot 
of  light,  usually  of  a  greenish  or  bluish  colour  depending 
upon  the  material  of  the  screen. 

In  order  to  concentrate  as  many  of  the  electrons  in  the 


Fio.  14(».  Basic  Circuit  of  Cathode  Ray 
Oscillograph 

beam  as  possible  a  cylinder  or  shield  is  pla(*ed  round  the 
cathode,  this  being  connected  to  a  negative  potential  rather 
like  the  grid  of  an  ordinary  triode.  This  prevents  the 
electrons  emitted  by  the  cathode  from  dispersing,  so  that 
the  great(‘r  concentration  of  electrons  in  the  centre  results 
in  the  majority  of  tliem  finding  their  way  through  the 
hole  in  th(‘  anode,  or  gun,  as  it  is  often  called.  The  ordinary 
oscilIogra[)li  tub(‘  uses  50('  to  1  500  volts  on  the  anode 
and  50  to  70  volts  on  the  shield. 

The  electron  beam  may  be  deflected  by  electrostatic  or 
magnetic  means.  J^y  placing  a  pair  of  plates  on  either 
side  of  the  beam  and  applymg  to  these  plates  suitable 
voltages,  the  spot  of  light  may  be  deflected  from  side  to 
side.  A  similar  pair  of  ])lates  set  at  right  angles  will  cause 
a  deflection  in  a  vertical  direction,  and  between  the  two 
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a  composite  motion  can  be  obtained  which  is  very  useful 
for  analysing  wave  forms  and  similar  phenomena. 

Wave-form  Analysis. 

For  example,  the  application  of  an  alternating  voltage 
to  the  vertical  deflecting  plate  will  cause  the  spot  of  light 
to  lengthen  out  into  a  thin  vertical  line.  If,  at  the  same 
time,  a  voltage  of  lower  frequency  is  applied  to  the  hori¬ 
zontal  plates,  the  vertical  movement  of  the  spot  will  be 
spread  out  so  that  a  wave  form  will  be  traced  out  on  the 
screen. 

The  horizontal  deflecting  voltage  should  obviously  be 
of  rather  special  character  if  the  best  use  is  to  be  made 
of  this  phenomenon.  If  the  voltage  slowly  and  regularly 
increases  until  the  spot  has  been  deflected  over  the  full 
width  of  the  screen,  and  then  rapidly  returns  to  zero  and 
commences  the  process  again,  it  is  possible  to  cause  the 
successive  traces  of  the  wave  to  lie  one  on  top  of  one  another 
so  that  a  stationary  picture  of  the  actual  wave  form  is 
obtained.  The  only  conditions  required  are  that  the  time 
taken  for  the  spot  to  travel  across  the  screen  shall  be 
an  exact  sub-multiple  of  the  frequency,  and  this  is  easily 
arranged. 

Time-bases. 

The  timC’base,  as  it  is  called,  which  gives  the  deflecting 
motion  is  usually  some  form  of  condenser- charging  circuit. 
For  instance,  the  charging  of  the  condenser  in  a  self- 
oscillating  circuit  and  the  subsequent  discharge  could  be 
used  for  the  purpose,  but  it  is  more  usual  to  employ  what 
are  known  as  gas  discharge  tubes  for  the  purpose. 

These  are  the  triode  valves  containing  a  small  quantity 
of  gas.  If  the  grid  of  the  valve  is  maintained  at  a  negative 
potential,  no  current  will  flow  in  the  anode  circuit  until 
the  anode  voltage  exceeds  a  certain  amount.  The  arrange¬ 
ment  is  like  an  anode  bend  detector  biased  to  cut-off  point. 
When  the  anode  voltage  exceeds  the  critical  value,  however, 
current  will  flow,  and  this  current  will  immediately  ionize 
some  of  the  molecules  of  gas,  liberating  further  free  electrons 
(and  also  heavy  positive  ions  which  travel  towards  the 
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cathode).  The  freed  electrons,  in  turn,  produce  further 
ionization  and  a  very  rapid  increase  of  current  is  obtained 
— ^sufficient  to  damage  the  valve  unless  a  limiting  resistance 
is  inserted  in  the  anode  circuit. 

The  way  the  tube  is  used  is  shown  in  Fig.  141.  The 
condenser  is  charged  through  a  resistance,  and  acquires 
its  charge  relatively  slowly,  depending  upon  the  values 
of  condenser  and  resistance.  The  larger  we  make  either 

R 


Fio.  141.  Time-base  Circuit  for  Cathode-ray 
Tube 


of  these  two,  the  slower  is  the  charge.  As  soon  as  the 
voltage  on  the  condenser  reaches  a  critical  value,  the  gas 
discharge  tube  becomes  conducting  and  the  condenser 
discharges  very  rapidly  indeed,  after  which  the  process 
re- commences. 

The  frequency  of  the  operation  depends  upon  the  values 
of  resistance  and  capacitance  and  the  grid  bias  of  the  gas 
discharge  tub(‘  relative  to  the  applied  voltage.  This  form 
of  discharge  will  be  seen  to  give  what  we  re(j[uire,  namely 
a  steady  increase  in  voltage  coupled  with  a  very  rapid  dis¬ 
charge  and  re-commencement.  The  charging  of  a  condenser 
through  a  plain  resistance,  however,  is  not  uniform,  which 
gives  rise  to  some  distortion  if  the  wave  form  is  being 
examined  critically.  To  avoid  this  a  pentode  valve  may 
be  used  instead  of  a  resistance  as  shown  in  Fig.  142.  The 
anode  current  of  a  pentode  is  practically  independent  of 
the  voltage  applied,  depending  mainly  upon  the  voltage 
on  the  control  grid  of  the  valve.  The  device  is,  therefore, 
capable  of  being  used  as  a  variable  resistance,  and  it  will 
charge  the  condenser  at  a  constant  rate. 
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Other  forms  of  time  base  have  been  evolved,  but  it  is 
unnecessary  to  detail  them  here  as  they  operate  on  similar 
principles. 

Focusing. 

It  is  necessary  to  focus  the  beam  of  electrons  on  to  the 
screen  so  that  they  give  a  sharp  image.  It  is  usually  done 
in  small  tubes  by  introducing  a  certain  amount  of  gas  into 
the  bulb.  The  electrons  in  the  beam  encounter  occasional 
molecules  of  gas,  ionize  them,  and  release  a  few  free  ions. 
These  are  attracted  to  the  beam,  which  is,  of  course,  nega¬ 
tively  charged,  and  they  in  their  turn  act  as  a  concentrating 


Fig.  142.  Constant-current  Time-basi:  Circuit 

force  on  the  various  electrons  in  the  Ixsam,  which  all  tend 
to  bunch  together  in  a  pencil.  The  actual  focusing  effect 
depends  upon  the  current  in  the  electron  beam,  which  is 
controlled  by  altering  the  shield  voltage. 

Hard  Tubes. 

An  alternative'  method  of  focusing,  which  does  not 
involve  the  introduction  of  gas,  is  to  use  two  anodes,  one 
beyond  the  other,  and  to  adjust  the  voltages  on  the  shield 
and  two  anodes  so  that  a  concentration  is  obtained.  The 
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focusing  action  here  is  dependent  upon  the  relative  sizes 
and  positions  of  electrodes  and  is,  of  course,  due  to  the 
electric  field  produced  thereby.  Tubes  of  this  type  are 
called  ‘‘hard”  tubes  in  distinction  to  the  “soft”  gas-filled 


Fig.  1*43.  Amplified  Push -pull  Time  Base 


tubes.  They  require  somewhat  higher  anode  voltages  of 
the  order  of  2  000  to  5  000  volts. 

The  advantages  of  the  hard  tube,  which  is  superseding 


Fig.  144.  Circuit  for  Providing  Magnetic  Deflection 

the  soft  variety,  are  longer  life  due  to  the  avoidance  of  bom¬ 
bardment  of  the  cathode  by  heavy  gas  ions,  and  relative 
independence  of  the  focus  and  beam  current.  This  enables 
the  shield  to  be  used  for  controlling  the  intensity  of  the 
spot,  which  is  very  valuable  in  television. 
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The  tubes,  however,  are  somewhat  less  sensitive  and  are 
liable  to  defocus  if  the  voltage  on  the  deflector  plates  is 
large.  This  defect  may  be  minimized  by  using  a  push-pull 
time  base  comprising  two  valves  driven  off  the  normal 
time-base  circuit  as  shown  in  Fig.  143.  This  arrangement 
has  the  advantage  of  requiring  only  a  small  time  base, 
which  is  easier  to  make. 

Magnetic  Deflection. 

It  is  possible  to  deflect  the  beam  by  applying  a  magnetic 
field  at  right  angles  to  the  beam.  The  direction  of  deflection 
of  the  beam  is  then  at  right  angles  to  the  direction  of  the 
magnetic  field,  and  by  arranging  two  pairs  of  coils  at  right 
angles  to  one  another  we  can  produce  the  desired  deflection 
exactly  as  in  the  electrostatic  case.  The  disadvantage  of 
this  method  of  working  is  that  power  is  consumed  by  the 
coils. 

The  coils  must  be  fed  from  an  amplifier  valve  as  shown 
in  Fig.  144,  tliis  valve  being  driven  by  the  time  base  and 
arranged  to  operate  over  a  linear  portion  of  the  charac¬ 
teristic  so  that  the  current  is  directly  proportional  to  the 
grid  voltage. 

The  possibility  of  deflecting  the  beam  magnetically  must 
always  be  borne  in  mind,  because  stray  magnetic  fields 
from  nearby  apparatus  may  often  distort  the  wave  form 
and  give  very  misleading  results.  The  cathode -ray  tube 
should  be  at  least  3  and  preferably  6  ft.  clear  of  any 
electrical  apparatus,  particularly  mains  transformers,  unless 
such  apparatus  is  heavily  shielded  with  material  of  high 
permeability  such  as  Mumetal.  Alternatively  the  neck  of 
the  tube  itself  may  be  enclosed  in  a  Mumetal  sheath. 

This  is  a  very  brief  review  of  an  extremely  important 
subject.  For  further  detailed  iTiformation  the  reader 
should  refer  to  ('athodc  Ray  (hciUoyraphf^  (Pitman),  by 
the  present  author. 


CHAPTER  XV 

PICTURE  TRANSMISSION  AND  TELEVISION 

The  transmission  of  pictures  by  wire  or  radio  link  is  in 
everyday  use,  while  television  has  emerged  from  the 
experimental  stage  and  can  now  take  its  place  with  standard 
engineering  developments  in  radio  communication.  The 
difficulties  in  its  exploitation  are  commercial  and  economic 
rather  than  technical. 

The  basic  method  of  transmitting  either  a  still  picture, 
for  press  or  similar  purposes,  or  a  succession  Of  pictures 
at  very  short  intervals,  to  constitute  a  television  image,  is 
carried  out  by  a  process  known  as  “scanning.'’ 

Scanning. 

The  picture  is  divided  up  into  a  series  of  thin  strips 
or  lines,  and  the  point  under  examination  moves  along 
each  line  in  turn.  Each  individual  line  is  thus  composed 
of  a  number  of  successive  elements  which  may  be  light, 
dark,  or  half-tone,  according  to  the  nature  of  the  image, 
and  if  this  light  and  shade  can  be  translated  through  a 
photo-electric  cell  into  electric  currents  it  is  possible  to 
obtain  a  varying  voltage  having  a  modulation  which 
follows  the  variations  of  light  and  shade  in  the  original 
strip  of  the  picture. 

Having  analysed  one  line,  the  transmitter  then  proceeds 
to  an  adjacent  line  and  so  on  until  the  whole  picture  has 
been  covered.  In  this  way  the  picture  or  image  is  divided 
up  into  a  series  of  successive  picture  elements,  each  one 
of  which  will  produce  its  corresponding  modulation  voltage, 
and  clearly  such  currents  can  be  transmitted  either  by 
wire  or  by  a  radio  link  to  a  distant  point. 

At  the  receiving  end  it  is  necessary  to  re-convert  the 
current  into  light,  the  intensity  of  which  is  directly  propor¬ 
tional  to  the  current  at  each  particular  instant.  The  light 
must  be  focused  on  to  or  otherwise  caused  to  illuminate 
the  receiving  screen  in  a  similar  series  of  lines  and  in 
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Bynchronism  with  the  transmitter.  Thus  the  spot  of  light 
at  the  receiving  end  will  travel  along  one  line  and  the 
intensity  of  the  illumination  at  each  successive  point  will 
be  controlled  by  the  current  received  from  the  distant  end, 
so  that  a  series  of  light  and  dark  picture  elements  are  built 
up.  The  spot  then  proceeds  with  the  second  line  and  so 
on  until  the  various  picture  elements  have  all  been  re¬ 
assembled  and  a  complete  picture  is  obtained  which  should 
be  a  duplicate  of  the  original  scene. 

With  picture  telegraphy  the  whole  process  can  take 
several  minutes  since  only  one  copy  is  required.  With 
television,  on  the  other  hand,  the  whole  picture  must  be 
built  up  in  a  small  fraction  of  a  second  and  must  then 
be  repeated  over  and  over  again,  the  ])icture  frequency  being 
sufficientl}’^  rapid  to  enable  the  visual  ptTsistenci*  of  the 
eye  to  blend  the  whole  impression  into  a  continuous  image 
as  in  the  case  of  the  cinema. 

Facsimile  Transmission. 

For  the  transmission  of  pictures  by  wire  or  radio,  the 
original  is  scanned  by  a  source  of  light  operating  through 
some  convenient  m<K*hanical  arrangement,  which  may  be 
a  mirror  drum  system  similar  to  that  described  for  television 
later,  or  the  simple  arrangement  of  wrapping  the  picture 
round  a  drum,  causing  the  drum  to  rotat(‘  and  at  th(‘  same 
time  tracking  the  light  axially  down  tlu‘  picture.  This  will 
obviously  scan  the  j)icture  in  the  manner  described  and 
a  somewhat  similar  arrangement  can  be  used  at  the 
receiving  end. 

For  th(‘  reception  photo-sensitive  paper  is  usually  em¬ 
ployed  so  that  the  variation  in  the  intensity  of  the  light 
spot  affects  the  pa})er  in  the  same  way  as  the*  varying  light 
transmitted  througli  a  photographic  negative,  and  when 
the  whole  picture  is  developed  the  image  comes  up  in  the 
usual  way  and  is  then  fixed. 

There  are  numerous  matters  of  technique  which  can  only 
be  referred  to  briefly  here.  In  particular,  since  the  whole 
transmission  takes  some  minutes,  the  frequencies  of  the 
signals  involved  are  very  low.  This  would  necessitate  d.c. 
amplifiers  at  the  transmitting  end  to  augment  the  very 
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small  voltages  produced  by  the  photocell,  and  it  would 
also  demand  characteristics  from  the  line  over  which  the 
transmission  was  sent  far  in  excess  of  those  which  are 
satisfactory  for  normal  telegraphy  or  telephony.  It  is 
customary,  the)refore,  to  chop  up  the  impulses  by  an 
interrupter,  usually  interposed  in  the  path  of  the  light 
beam  itself,  so  obtaining  a  rapid  succession  of  impulses, 
the  amplitude  of  which  is  varying  more  slowly  in  accordance 
with  the  light  and  shade  of  the  pic  ture  points  of  the  image 
being  scanned. 

It  is,  of  course,  necessary  to  ensure  that  the  mechanism 
at  the  receiving  end  revolves  at  exactly  the  same  speed 
as  at  the  transmitting  end.  This  is  ensured  by  the  trans¬ 
mission  of  synchronizing  signals  in  somewhat  similar 
manner  to  that  adopted  in  television  practice. 

Television  Scanning. 

The  method  of  scanning  the  scene  or  image  in  a  television 
transmitter  is  slightly  diffcTent.  It  may  be  effected  by 
mechanical  or  el(‘ctrieal  means, 
the  simplest  of  the  former 
being  the  yi2)kow  disc  (Fig. 

145),  named  after  tlu^  Polish 
scientist  who  first  suggested 
it.  This  is  a  disc  having  a 
series  of  hol(‘s  arranged  on  a 
spiral.  As  the  disc  rotates,  the 
holes  traverse  the  seaiming 
area  in  a  v(Ttical  or  horizontal 
direction  so  that  the  image  is 
exi)lored  in  a  suceesshni  of  lines 
in  the  required  manner.  The 
subject  can  be  illuminatovl  and 
an  image  focused  down  with  a  lens  on  to  tlui  face  of  the 
disc,  while  bcihind  the  disc  is  situated  a  photocell  which 
converts  the  light  impulses  into  electric  current. 

This  usually  requires  a  very  large  illumination  owing 
to  the  extremely  short  time  during  which  the  photocell 
is  influenced  by  any  particular  picture  point,  and  an 
alternative  method  developed  by  the  Baird  Company  is 
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to  locate  a  powerful  source  of  light  behind  the  disc  and  to 
project  this  on  to  the  image  to  be  scanned.  In  this  way 
a  spot  of  hght  travels  over  the  subject  in  the  same  series 
of  lines  and  the  light  reflected  at  any  instant  is  picked 
up  and  converted  into  electrical  current  by  banks  of  photo¬ 
cells  suitably  located.  This  arrangement,  known  as  the 
fiying-spot  system,  is  much  more  pleasant  to  the  performer. 

Iffirror  Drum. 

An  alternative  method  of  mechanical  scanning  is  by  the 
use  of  a  mirror  drum.  A  cylindrical  drum  is  provided  with 
a  series  of  mirrors  around  its  periphery  and  a  source  of 
light  is  projected  on  to  the  mirrors,  reflected  off  them  and 
focused  through  a  lens  on  to  the  subject  to  be  scanned. 
The  rotation  of  the  drum  causes  the  spot  to  move  radially 
as  required,  wliile  the  successive  mirrors  are  shghtly  stag¬ 
gered  relative  to  one  another  so  that  the  successive  spots 
of  light  trace  out  linear  paths  adjacent  to  one  another. 
Various  modifications  of  this  basic  idea  have  been  used, 
notably  by  Mihaly  who  employed  a  ring  of  stationary  mirrors 
with  a  rotating  mirror  in  the  ctmtre  thus  achieving  tlu^ 
same  result  with  a  very  light  moving  mechanism. 

Mechanical  Receivers. 

Reception  can  be  carried  out  at  the  distant  point  by 
the  use  of  mechanical  receivers  of  similar  construction. 
In  place  of  the  photocell  a  source  of  light  has  to  be  insed. 
For  example,  a  neon  lamp  placed  behind  a  disc  can  bo 
caused  to  glow  more  or  less  brightly  in  accordance  with 
the  received  signal,  so  that  at  any  instant  when  the  trans¬ 
mitter  is  traversing  a  bright  picture  point  the  lamp  at 
the  receiver  will  glow  brightly  and  will  produce  a  bright 
picture  point  in  the  receiving  mosaic.  Hence,  once  again 
the  image  is  built  up,  the  only  requirement  being  that  the 
apparatus  at  transmitting  and  niceiving  ends  shall  run  in 
synchronism. 

A  mirror  drum  receiver  can  be  used  equally  well  and 
can  indeed  be  employed  to  project  th(^  picture  on  to  a 
reasonable-sized  screen.  The  difficulty  here,  however,  is 
to  arrange  a  suitable  source  of  light,  for  a  neon  lamp  only 
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gives  a  feeble  illumination,  and  any  form  of  filament  lamp 
is  unsatisfactory  because  the  thermal  inertia  of  the  filament 
prevents  the  light  from  being  modulated  sufficiently  rapidly. 

Light  Modulation. 

To  obtain  any  satisfaction,  therefore,  it  is  necessary  to 
use  a  powerful  light  source  and  devise  some  external  method 
of  modulating  its  intensity.  One  method,  suitable  for  low 
and  medium  definitions,  uses  the  polarization  of  light. 
Ordinary  light  contains  vibrations  in  all  directions  at  right 
angles  to  the  direction  of  travel.  With  polarized  light  the 
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Fig.  146,  Princtplk  of  Mirror  Drum  Reception  with 
Kerr  Cell  Light  Modulation 


vibrations  are  only  in  one  particular  plane.  To  the  normal 
eye  polarized  light  appears  exactly  the  same  as  ordinary 
light,  but  it  has  certain  peculiar  properties  which  show  up 
under  abnormal  conditions. 

Polarized  light  is  usually  produced  by  a  device  known 
as  a  'Nicol  prism,  which  is  an  arrangement  of  two  prisms 
of  Iceland  Spar  or  calcite.  The  particular  plane  of  polariza¬ 
tion  of  the  light  depends  upon  the  position  of  the  Nicol 
prism,  and  as  it  is  rotated  so  the  plane  of  polarization  of  the 
emergent  light  rotates. 

Clearly,  hf  we  have  two  such  prisms  in  succession  so 
adjusted  that  their  planes  of  polarization  are  at  right 
angles,  no  light  will  pass  through  the  system.  The  fost 
prism,  known  as  the  “polarizer,”  will  polarize  the  light 
in  one  plane,  but  if  the  second  prism,  caUed  the  “analyser,’* 
is  set  at  right  angles  to  this  direction  it  will  not  accept 
any  light  polarized  in  this  plane  and  the  result  will  be 
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darkness.  If  the  .second  prism  is  rotated,  a  certain  amount 
of  light  passes  tlirough,  reaching  a  maximum  when  its 
plane  of  polarization  is  the  same  as  that  of  the  first  polariz¬ 
ing  prism. 

The  Kerr  CeU. 

It  is  impracticable  to  rotate  the  prisms  mechanically 
at  the  very  high  frequencies  required,  but  it  is  possible 
to  achieve  the  effect  electrically  by  using  a  Kerr  cell,  which 
is  a  series  of  plates  arranged  on  either  side  of  the  light  beam 
and  connected  to  a  source  of  voltage.  The  eh^ctrostatic 
field  has  the  effect  of  twisting  the  j)lane  of  polarization.* 

The  polarizer  and  analyser  are  set  at  right  angles  so  that 
no  light  passes  through.  The  application  of  voltage  across 
the  Kerr  cell  electrodes  then  causes  the  effective  plane  of 
polarization  to  rotate  and  allows  some  liglit  to  pass  tlu’ough 
the  prism  exactly  as  if  the  prism  itself  had  been  rotated. 
This  operation  can  be  carried  out  electrically  many  hun¬ 
dreds  of  thousands  of  times  ])er  second,  and  therefore 
provides  a  very  satisfactory  method  of  modulating  the  light, 
which  can  therefore  be  made  extremely  powerful,  giving 
a  good  picture. 

Supersonic  Light  Valve. 

For  high  definitions,  the  self- capacitance  of  the  Kerr  cell 
precludes  satisfactory  operation,  and  use  is  made  of  a 
different  method  of  modulation  depending  upon  the  inter¬ 
ference  effects  produced  by  transmitting  supersonic  waves 
through  a  column  of  liquid.  The  action  is  comph^x,  but  is 
being  usc‘d  successfully  for  the  production  of  large  screen 

*  Strictly  speaking,  the  electric  field  in  a  Kerr  cell  splits  up  the 
polarized  ray  into  two  component  rays  at  right  angles  to  one  another, 
having  differing  intensities  depending  upon  the  strength  of  the  field. 
As  the  field  is  varied,  the  intensities  of  the  two  component  rays 
relative  to  one  another  change,  producing  what  is  known  as  “ellip¬ 
tical  polarization.”  The  exact  mechanism  is  described  in  greater 
detail  in  books  on  Television  or  Optics,  notably  Television^  Theory 
and  Practice  by  the  author,  and  the  fact  is  mentioned  here  for 
the  sake  of  accuracy.  In  a  simple  exposition  of  the  subject,  however, 
it  is  sufficient  to  consider  the  Kerr  cell  as  producing  a  rotation 
of  the  plane  of  polarization. 
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images.  For  further  details,  refer  to  Television,  Theory  and 
Practice  (Chapman  and  Hall),  by  the  present  author. 

Cathode  Ray  Television. 

The  development  of  the  cathode  ray  tube  gave  television 
a  considerable  impetus.  Mechanical  methods  become  in¬ 
creasingly  complicated  as  the  number  of  lines  is  raised. 
The  Bntish  Television  Commission  ado})ted  a  standard  of 
no  less  than  405  lines,  while  American  workers  are  using 
still  higher  definitions.  Obviously,  the  dciail  in  a  picture 
increases  rapidly  with  the  number  of  lines  for  this 
means  that  the  picture  elements  themselves  are  proportion¬ 
ately  smaller,  and  the  detail  improves  in  the  same  way  as  a 
fine  screen  half-tone  reproduction  on  good  paper  is  con¬ 
siderably  better  than  a  eoarse-sereen  newspaper  blo(*k. 

The  advantage  of  the  cathode  ray  tube  is  that  the 
electron  beam  (the  production  of  which  was  described  in  the 
last  chapter)  can  be  deflected  electrically  at  exceedingly 
high  frequencies  owing  to  its  entire  absence  of  inertia. 
The  m(‘thod  of  deflection  is  the  normal  one  employed  for 
oscillograph  practice,  i.e.  the  use  of  a  suitable  time-base 
such  as  that  illustrated  in  Fig.  141.  This  causes  the  spot 
of  light  to  move  across  the  screen,  fly  back  rapidly,  and 
recommence  its  travel.  If  a  similar  deflecting  voltage  of 
much  lower  frequency  is  applied  to  the  second  pair  of 
deflector  plates,  the  spot  will  start  its  second  line  slightly 
displaced  from  its  original  position,  so  that  two  lines  will 
run  parallel  and  so  on  for  the  third  and  successive  lines 
until  a  complete  framework  has  been  obtained.  The  voltage 
on  the  low-frequency  plates  can  then  collapse  and  the 
process  will  start  again  building  up  k  second  framework 
of  lines  on  top  of  the  first,  and  repeating  this  indefinitely 
at  the  rate  of  50  per  sec.  or  whatever  the  picture  frequency 
happens  to  be. 

The  number  of  lines  in  the  framework  is  clearly  de¬ 
pendent  upon  the  ratio  of  the  frequencies  of  the  two  time- 
bases.  If  the  high-frequency  time- base  produces  6  000  lines 
per  sec.,  €ind  the  low-frequency  time- base  operates  25  times 
])er  sec.,  there  will  be  6  000/25  =  240  lines  in  the  picture. 
The  usual  modern  method  of  scanning  is  for  these  lines  to 
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be  horizontal  with  the  picture  deflection  vertical,  although 
the  earlier  30-line  television  used  vertical  lines  with  an 
horizontal  picture  deflection. 

The  variation  of  the  intensity  of  the  light  is  controlled 
by  altering  the  voltage  on  the  shield.  The  ordinary  soft 
tube  is  not  suitable  for  this  purpose,  for  variation  of  shield 
voltage  in  such  a  tube  merely  controls  the  focusing  and, 
although  it  will  reduce  the  intensity  of  the  spot  to  some 
extent,  this  is  usually  accompanied  by  serious  de-focusing. 
Special  hard  tubes  have,  therefore,  been  developed,  as 
explained  in  Chapter  XIV,  in  which  the  variation  of  shield 
volts  merely  alters  the  intensity  without  appreciably 
upsetting  the  focus,  this  latter  factor  being  controlled  by 
adjustment  of  the  voltage  on  the  various  anodes. 

The  Iconoscope. 

In  view  of  this  flexibihty,  it  is  not  surprising  that  attempts 
have  been  made  to  utilize  the  tube  for  transmitting  appar¬ 
atus.  After  years  of  experiment,  some  satisfactory  arrange¬ 
ments  have  been  evolved.  One  is  the  Iconoscope  of  Zworykin. 
In  this  arrangement  the  usual  fluorescent  screen  at  the  end 
of  the  oscillograph  tube  is  replaced  by  a  plate  containing 
a  mosaic  of  very  small  photocells.  The  ordinary  photocell 
contains  an  emitting  surface  of  caesium  on  a  thin  film  of 
silver  which  is  deposited  on  the  glass  or  emitting  surface 
first.  By  suitable  manufacture  it  is  possible  to  deposit  this 
emitting  surface  in  a  series  of  very  small  globules,  each  one 
of  which  therefore  becomes  an  individual  and  independent 
photocell.  This  mosaic  is  deposited  on  but  insulated  from 
a  suitable  metal  plate  and  is  situated  at  such  an  angle  that 
it  can  be  viewed  conveniently  through  the  side  of  the  tube, 
as  shown  in  Fig.  147. 

The  scene  to  be  televized  is  focused  down  on  to  this  plate, 
and  each  of  the  tiny  photocells  in  the  mosaic  will  thus  respond 
individually  to  the  amount  of  light  in  that  particular  part  of 
the  scene.  Since  there  is,  as  yet,  no  circuit,  the  cells  will 
acquire  a  charge  proportional  to  the  intensity  of  the  light. 
A  cathode  ray  beam  generated  in  the  usual  way  is  now 
caused  to  scan  over  the  plates  by  deflecting  voltages  of 
the  usual  type  and  as  it  reaches  each  individual  photocell 


PICTURE  TRANSMISSION  AND  TELEVISION  247 

in  the  mosaic  the  latter  is  discharged,  producing  a  current 
in  the  external  circuit  proportional  to  the  charge. 

This  method,  therefore,  combines  the  flexibility  of  the 
cathode  ray  tube  with  the  necessary  photo-electric  properties 
required  to  convert  light  to  electric  current  and  it  has  been 
found  practicable  to  scan  with  a  definition  approaching 
500  lines. 


The  Electron  Camera. 

An  alternative  method  has  been  developed  by  Farnsworth 
and  is  known  as  the  electron  camera.  In  this  arrangement 
the  photo-electric  surface  is  in  the  form  of  a  flat  plate  on 
which  the  image  to  be  televized  is  focused.  In  front  of  the 
plate  is  an  arrangement  of  anodes  of  cylindrical  form,  so 
arranged  that  they  attract  electrons  from  the  photo-electric 
cathode  in  straight  lines.  The  emission  from  each  part  of 
the  cathode  is  proportional  to  the  light  falling  on  that 
particular  portion,  so  that  there  is  emitted  from  the  cathode 
a  stream  of  electrons  the  intensity  of  which  at  any  point 
in  the  cross-section  is  dependent  on  the  light  in  the  image 
focused  on  the  cathode. 

At  the  far  end  of  the  tube  is  a  small  collector  electrode 
80  enclosed  that  only  a  small  point  faces  this  composite 

9—(T.54Iq) 
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electron  beam,  and  the  beam  as  a  whole  is  then  deflected 
in  vertical  and  horizontal  directions  by  scanning  voltages, 
just  as  with  the  much  simpler  beam  of  an  ordinary  cathode 
ray  tube.  Hence,  each  part  of  the  composite  electron 
stream  passes  the  collector  electrode  in  turn,  and  as  it 
•does  so  it  passes  a  current  through  the  external  circuit 
proportional  to  the  intensity  of  the  beam  at  that  point. 


FlO.  148.  IliT^TJSTRATING  ACTION  OF  FaRNSWORTH  ELECTRON 
Camera 


Once  again,  therefore, 'it  will  be  seen  that  the  light  value 
in  the  original  image  has  been  converted  into  electric  current 
by  an  arrangement  having  all  the  flexibihty  of  the  cathode 
ray  tube,  and  this  method  has  been  used  to  produce  pictures 
containing  as  many  as  700  lines. 

Electron  Multipliers. 

The  great  difficulty  in  television  is  to  obtain  sufficient 
light  on  the  photocell,  for  the  amplification  which  can  be 
used  is  limited  by  the  background  noise  which  is  produced 
due  to  electronic  disturbances  as  mentioned  on  page  67. 
Considerable  improvement  has  been  possible  as  the  result 
of  the  development  of  electron  multipliers  which  are  devices 
using  secondary  emission. 

A  simple  form  of  multiplier  is  shown  in  Fig.  149.  The 
electrons  emitted  from  the  photo-electric  cathode  are  focused 
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on  to  a  plate  which  is  designed  to  be  particularly  susceptible 
to  secondary  emission.  This  means  that  if  it  is  struck  by 
electrons  moving  with  sufficient  rapidity  it  will  in  turn 
emit  electrons  of  its  own  in  the  proportion  of  perhaps  five 
or  ten  electrons  for  each  one  which  strikes  it.  Hence,  there 
will  be  emitted  from  this  secondary  plate  a  current  five 
or  ten  times  as  great  as  the  original  current,  and  this  process 
can  be  repeated  by  successive  emission  from  subsequent 
plates  all  arranged  at  a  higher  potential  than  the  preceding 


PhotJ- 

electric 

Cathode 


Secondaru  Emitting  Targets 


Fig.  149.  Simple  Electron  Mcltiplier 


one  until  an  amplification  of  hundreds  of  thousands  of 
times  is  obtained  in  the  one  tube. 

Since  the  circuit  contains  no  couphng  impedances  or 
subsidiary  source  of  emission,  the  question  of  background 
noise  does  not  appear  and  very  weak  illuminations  on  the 
photocell  cathode  are  capable  of  giving  some  milliamps 
emission  at  the  far  end. 

It  is  indeed  conceivable  that  this  development  will 
radically  alter  the  trend  of  ordinary  radio-receiver  design, 
and  secondary  (‘mission  valves  having  about  twice  the 
usual  slope  have  already  appeared  on  the  market. 

By  the  use  of  electron  cameras  or  iconoscopes  coupled 
with  electron  multipliers  of  this  form,  it  is  possible  to  have 
television  cameras  which  are  as  sensitive  as  an  ordinary 
still  camefa,  and  which  can  be  merely  pointed  in  the 
direction  of  the  particular  scene,  using  ordinary  daylight 
(or  artificial  light)  for  the  illumination  and  to  obtain 
multi-line  pictures  without  difficulty. 
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Synchronism. 

The  synchronism  of  the  received  picture  is  not  by  any 
means  the  difficult  problem  it  might  appear.  At  the  end 
of  each  hne  a  special  synchronizing  impulse  is  sent  out  and 
a  similar  picture-frequency  synchronizing  impulse  at  the 
end  of  each  frame.  Moreover,  these  impulses  are  stronger 
than  the  strongest  modulation.  The  usual  procedure  is  to 
modulate  with  the  picture  frequencies  from  100  per  cent 
down  to  30  or  40  per  cent  of  the  peak  carrier,  while  the 
synchronizing  impulse  momentarily  causes  the  carrier  to 
drop  practically  to  zero. 

It  is  possible,  therefore,  to  use  over-biased  valves  in  the 
receiver  which  are  unable  to  respond  to  any  of  the  normal 
modulation  signals  but  will  pass  current  on  the  arrival  of 
the  extra  strong  synchronizing  pulse.  In  this  way  the 
s37nchronizing  signals  are  completely  separated  from  the 
modulation. 

In  cathode  ray  reception  the  synchronizing  impulses  are 
applied  to  the  appropriate  time  bases,  causing  them  to 
trigger  at  the  correct  instant.  It  was  explained  in  the  last 
chapter  that  the  discharge  of  the  time  base  is  controlled 
by  the  grid  voltage  on  the  discharge  valve.  Clearly,  if  the 
circuit  is  in  a  condition  approaching  the  critical  value,  the 
appUcation  of  a  sharp  pulse  to  the  grid  of  the  valve  will 
trigger  it.  Thus,  the  actual  discharge  point  is  controlled 
by  the  received  signal  itself. 

With  mechanical  systems  it  is  usually  only  necessary  to 
use  the  line-frequency  synchronizing  signal  and  cause  this 
to  control  the  speed  of  the  motor  by  some  suitable  means. 
One  way  of  doing  this  is  to  have  a  phonic  wheel  on  the 
motor  shaft  containing  a  number  of  teeth  which  pass  close 
to  an  electromagnet.  This  magnet  in  turn  is  energized  by 
the  synchronizing  signal.  If  the  tooth  is  exactly  opposite 
the  pole  piece  at  the  instant  of  arrival  of  the  sjmehronizing 
impulse  (as  it  should  be),  no  effect  is  produced,  but  if  it 
is  slightly  behind  or  ahead,  the  synchronizing  impulse  will 
produce  a  magnetic  field  tending  to  pull  the  motor  into  step. 

Frequencies  Involved. 

The  frequencies  involved  in  television  technique  are 
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exceedingly  high.  The  finest  pattern  which  can  be  repro¬ 
duced  can  be  considered  as  being  made  up  of  alternate 
black  and  white  squares  each  having  the  dimensions  of 
the  scanning  spot.  The  width  of  the  scanning  spot  will 
be  equal  to  the  width  of  the  line,  so  that  if  there' are  n  Unes 
it  is  easy  to  show  that  the  frequency  of  such  a  mosaic 
would  be 

fpn^l2  cycles  per  sec. 

where  p  is  the  ratio  of  picture  length  in  the  line  direction 
to  the  depth  across  the  lines,  and  /  is  the  picture  frequency 
in  pictures  per  sec. 

With  a  405-line  5/4  picture  repeated  25  times  per  sec. 
this  works  out  at  1*52  megacycles. 

Hence,  no  ordinary  broadcast  technique  will  do.  It  is 
necessary  in  the  first  place  to  use  a  very  high  frequency 
carrier  wave,  and  for  this  reason  wavelengths  of  the  order 
of  7  metres  are  being  employed.  As  explained  in  Chapter 
XIII  such  wavelengths  only  have  a  limited  range  except 
under  abnormal  conditions,  and  the  proposal  therefore  is 
to  set  up  a  chain  of  stations  all  over  the  country,  each 
serving  its  own  district. 

On  a  wavelength  of  7  metres,  corresponding  to  42*8 
megacycles,  a  modulation  of  one  or  even  two  megacycles 
is  still  only  a  small  fraction  of  the  carrier  wave  and  therefore 
practicable. 

Television  Receivers. 

The  television  receiver,  of  course,  requires  particular 
attention.  The  aerial  system  has  to  be  of  the  special  type 
discussed  in  Chapter  XIII,  while  in  order  to  cover  the 
very  wide  modulation  frequency,  special  methods  have  to 
be  used.  Direct  amplification  at  these  very  high  frequencies 
is  extremely  difficult,  although  it  is  done  commercially. 

An  alternative  method  is  to  use  the  superheterodjme 
principle  and  to  convert  the  incoming  signal  to  a  frequency 
of  about  29  megacycles.  It  is  possible  to  obtain  reasonable 
amplification  at  such  frequencies  comparatively  easily.  In 
order  to  obtain  the  very  wide  band  spread  required,  band¬ 
pass  filters  are  used  in  the  intermediate  stages,  these  being 
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somewhat  overcoupled  and  sometimes  even  shunted  with 
resistance  in  order  to  give  a  very  wide  spread.  Both  these 
methods  involve  a  loss  of  amplification  and  a  gain  of  between 
5  and  10  per  stage  is  all  that  can  be  obtained.  However, 
by  using  a  chain  of  such  valves  in  cascade  satisfactory 
amplification  is  achieved. 

If  any  amplification  is  required  subsequent  to  the  second 
detector,  this  again  must  be  very  carefully  designed. 
Resistance  coupling  is  the  only  satisfactory  method  and 
the  constants  of  the  circuit  must  be  so  chosen  that  they 
receive  well  down  to  the  picture  frequency  (usually  25  per 
sec.)  and  well  up  to  the  modulation  frequency  of  one  mega¬ 
cycle  or  more.  The  latter  requirement  involves  the  use 
of  screen  grid  or  pentode  valves  owing  to  the  reduced 
Miller  effect  obtainable,  but  even  so  the  residual  capacitance 
of  20-30  /Y//F.,  necessitates  the  use  of  very  low  anode 
resistances  of  the  order  of  1  000-5  000  ohms,  so  that  a  gain 
of  5  to  10  per  stage  is  all  that  can  be  conveniently  obtained. 

Effect  of  Inadequate  Response. 

Good  low  frequency  response  is  essential  for  adequate 
reception  of  sustained  black  or  white  areas.  Theoretically, 
a  sustained  tone  of  any  intensity  requires  the  transmission 
of  an  unvarying  signal,  which  can  only  be  achieved  with 
a  d.c.  amplifier.  A  satisfactory  approximation,  however, 
can  be  obtained  with  a  resistance- coupled  amplifier  of 
sufficiently  long  time  constant  and  if  the  design  is  so 
arranged  that  it  gives  a  negligible  phase  shift — not  more 
than  about  10  degrees  over  the  whole  amplifier — at  the 
lowest  frequency,  satisfactory  reception  will  result.  The 
picture  is  always  broken  up  somewhere  so  that  the  lowest 
frequency  can  be  taken  as  the  picture  frequency,  usually 
25  or  50  cycles  per  sec. 

High  frequency  response  is  obviously  necessary  for  the 
transmission  of  adequate  detail  and  if  the  upper  frequencies 
are  lacking  the  picture  appears  out  of  focus. 


C^HAPTER  XVI 

POWER  SUPPLY  CIRCUITS 


Both  receivers  and  transmitters  are  now  very  largely 
operated  from  the  a.c.  supply  mains.  This  involves  the  use 
of  circuits  to  convert  the  a.c*.  to  Steady  d.c.  at  the  required 
potential.  The  transformation  is  effected  by  means  of  one 
or  more  rectifiers,  together  with  suitable  networks  for 
storing  the  d.c*.  and  smoothing  out  any  irregularities 
arising  from  the  pulsating  nature  of  the  output  trom  the 
rectifiers. 

^Fig.  150  illustrates  four  simple  types  of  circuit.  In  the 
first  circuit  the  mains  sujiply  voltage  is  transformed  up  or 
down  as  required  and  the  voltage  on  the  secondary  is 
a])plied  through  a  rectificT  to  a  condenser  ( \  This 
condenscT  receives  a  pulse  of  current  every  time  the  point 
A  becomes  positi\e  so  that  a  charge  is  built  up  which  is 
then  dissipated  through  the  load  across  the  (‘ircuit. 
(Conditions  adjust  themselves  until  the  current  drawn  from 
th(‘  transformer  in  the  form  of  pulses  is  just  sufficient  to 
re])lenish  the  loss  of  charge  during  the  idle  portion  of  the 
cycle. 

Fig.  150(5)  shows  a  full-wave  circuit  in  which  the 
vsecumdary  of  the  transformer  is  centre-tapj)ed  and  two 
rectifiers  are  used,  connected  one  from  each  extremity. 
During  the  half  cycle  which  makes  the  point  A  positive 
the  toj)  rectifier  conducts,  while  during  the  succeeding  half 
cy(‘le  the  bottom  rectifier  conducts.  The  current  is  fed  into 
a  single  condenser  C  so  that  the  charge  is  replenished  twice 
as  quickly,  which  results  in  a  higher  output  and  less 
variation  in  the  voltage  on  tlie  condemser. 

Fig.  150(c)  shows  a  bridge  rectifier,  an  arrangement  wdiich 
avoids  the  use  of  a  centre-tap])ed  transformer  by  employing 
four  recti|i(Ts  in  a  bridge  formation.  The  current  flows 
first  through  PQ,  through  the  condenser  and  back  through 
SR,  On  the  succeeding  half-wave  it  flows  via  BQ,  C  and 
SP.  The  performance  of  this  class  of  circuit  is  similar  to 
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that  of  150(6).  It  has  the  advantage  that  only  a  single 
secondary  winding  is  required  and,  as  will  be  seen  later, 
the  transformer  losses  are  reduced.  There  is,  however,  a 
small  additional  rectifier  loss  since  there  are  two  rectifiers 
in  series  on  each  channel. 

Fig.  150(d)  shows  a  voltage  doubler  circuit.  This  is  an 
arrangement  employed  where  it  is  desirable  to  restrict  the 
voltage  on  the  transformer  secondary,  or  where,  for  some 


(a)  HalPHki^e 

P 


(b)  Full 


(d)  Voltage  Doubler 


Fi(i.  loO.  Foth  Main  Tvppjs  of  Kkctifieji  (’ikclit 


reason,  there  is  only  a  limited  voltage  available.  It  gives 
approximately  twi(*e  the  voltage  at  the  out])Ut  as  is 
obtained  from  Fig.  150(r).  Current  Hows  through  the  top 
rectifier,  and  back  through  the  c*ondenser  C\.  The  next 
half  cycle  flows  through  the  condenser  (\  and  back  through 
the  bottom  rectifier.  Each  of  these  pulses  (diarges  the 
appropriate  condenser,  so  that  the  total  voltage  applied 
across  the  load  is  the  sum  of  the  two,  which  is  thus  twice 
the  normal  voltage.  The  two  condensers  and  are 
in  series  so  that  the  effective  capacity  is  halved,  in  conse¬ 
quence  of  which,  as  will  be  seen  later,  the  regulation  is 
liable  to  be  poor.  This  class  of  circuit,  therefore,  is  mainly 
used  for  the  supply  of  high  voltage  at  a  low  current. 
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Ripple  Voltage. 

Let  us,  at  the  outset,  confine  our  attention  to  the  first 
two  circuits.  It  sliould  be  made  clear  that  the  rectifiers 
used  may  be  of  any  type,  either  valve,  metal  or  chemical. 
(Symbolic*  rectifiers  have  been  illustrated  to  avoid  any 
complication  of  tiie  (*ir(*uit  by  the  introduction  of  filament 
windings  on  the*  transformers,  etc.)  Considering  circuit 
150(u)  it  will  be  clear  that,  after  the  first  few  cycles,  there 
will  be  a  voltage  on  the  condenser  C,  of  which  the  instan¬ 
taneous  value  is  fluctuating  slightly,  falling  as  current  is 
taken  from  the  condenser  by  the  load  during  the  idle  period 
of  the  cycle  and  rising  sharj)ly  during  the  })eriod  over 
which  the  charge  is  feci  into  the  condenser  again  through 
the  rectifier.  This  fluctuation  in  the  voltage  is  known  as 
the  ripple. 

Now  the  rectifier  will  not  commence  to  conduct  until  the 
voltage  on  the  secondary  of  the  transformer  exceeds  the 
voltage  on  the  condenser.  This  does  not  happen  at  the 
beginning  of  the  ])ositive  half  c*ycle  but  is  delayed  until 
some  point  towards  the  top  of  the  wave  as  shown  in  Fig. 
151.  At  the  point  where  the  transformer  voltage  overtakes 
the  st(‘ady  voltage  on  the  condenser  a  large  pulse  of 
current  flows  through  the  rectifier  causing  the  condenser 
voltage  to  increase*.  When  the  input  voltage  falls  below'  the 
condenser  voltage  the  rectifier  ceases  to  conduct  and  the 
load  current  is  then  supplied  from  the  charge  stoned  in  the 
conckmser  which  c.iuses  a  steady  fall  in  voltage  over  the 
idle  pcTiod  as  shown. 

With  a  half-wave  circuit  there  is  one  such  pulse  of  current 
ev(*ry  cycle,  while  with  a  full-wave  circuit  there  are  tw'o 
such  pulses,  one  in  each  half  cycle  as  illustrated  in  Fig.  151, 
where  the  alternate  negative  half  cycles  have  been  shown 
reversed  (as,  in  effect,  they  are  by  the  second  rectifier)  so 
that  they  all  ap])ear  on  one  side  of  the  zero  line.  The 
voltage  on  the  condenser  will  continue  to  rise  sharply  and 
then  fall  away  steadily,  resulting  in  a  mean  voltage  output 
V  with  a  fluctuation  above  and  below'  the  mean  value. 
The  tofal  value  of  this  fluctuation  dT  may  be  estimated, 
by  assuming  that  the  rectifier  is  only  conducting  for  a 
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small  frac‘tion  of  a  cycle.  Then  if  /  is  the  number  of  times 
per  second  that  the  condenser  is  charged,  the  loss  of  charge 
dQ  due  to  the  load  current  1  is  ///  (very  nearly). 

This  charge  must  be  replacecl  by  the  j)ulsc  of  current 
through  the  rectifier  which  vill  raise  the  voltage  on  the 
condenser  by  the  small  amount  dV .  Hut  since  V  —  QjC 
we  can  write  dV  =  dQjC  -  llfC  V/Bf('  where  E  is  the 
load  resistance.  The  peak  value  of  the  ri])j)le  is  half  this 
value  -  VI2Ef(\ 


Fig.  151.  Illcstkating  Action  of  RrsintvoiK  Condenseii 

We  can  re-write  this  in  the  form  V  -  EJ(l  [  \l2EfC). 

The  actual  fluctuation  will  be  slightly  less  than  this 
because  the  condenser  is  not  discharging  for  a  full  half  cycle 
but  only  about  90  per  cent  of  this  lime,  ihe  balance  being 
occupied  by  the  charging  period.  The  expressions,  however, 
are  close  enough  for  ])ractieal  purposes. 

With  a  half-wave  rectifier  and  a  50-cycl(‘  supply /is  50. 
With  a  full-w'av(‘  or  fridge  rc'ctifier  it  is  100.  With  a 
three-phase  rectifier  such  as  we  shall  discuss  later  the  value 
may  be  150  or  3(K).  This  is  the  frecpieney  of  the  ripple  and 
it  is  convenient  to  ignore  the  fact  that  the  rip})le  voltage 
is  not  a  true  sine  w  ave  but  to  consider  it  a^  if  it  w(‘r(‘  a  small 
sinusoidal  voltage  of  frequency  su])ery)osed  on  the  steady 
voltage  V.  We  can  then  calculate  suitable  smoothing 
circuits  to  follow'  the  reservoir  condenser  ('  and  if  these 
circuits  are  effective  enough  to  remove  the  fundamental 
components  they  will  be  still  more  effective  in  removing 
the  harmonic  components  so  that  this  assumption  of  a 
sinusoidal  ripple  is  quite  justifiable. 
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Size  and  Rating  of  Reservoir  Condenser. 

It  will  be  seen  from  the  expressions  just  developed  that 
the  larger  the  reservoir  condenser  the  nearer  does  the  output 
voltage  approach  the  peak  a.e.  The  result  depends  on  the 
product  Jf  this  is  small  the  factor  J/2i?/r  is  large  and 
V  is  considerably  less  than  E but  as  ve  increase  (^R  by 
increasing  or  R  or  both,  V  rises  ra})idly  at  first  and  then 
progressively  more  slowly  as  shown  in  Fig.  152. 


WITH  Prodi  ct 


It  wiil  be  noted  that  if  R  is  infinite  (no  load)  V  ~Ej^. 
Hence  the  condenser  must  be  designed  to  withstand  the 
voltage  Ejj  continuously.  Ft  is  indeed  desirable  to  allow  a 
small  factor  of  safety  for,  as  we  shall  see  later,  leakage 
inductance  in  the  transformer  may  provide  a  resonance 
which  will  cause  V  to  evceed  E^^.  This  rise  is  usually 
small,  however,  and  is  often  ignored,  particularly  if  a  wet 
type  of  electrol\tic  conaenser  is  used  for  C.  Such  a 
condens(T  will  br(‘ak  down  under  excess  voltage  but  will 
re-seal  itself  when  the  voltage  falls  below'  the  s})ecified 
surge  or  peak  \alue. 

For  noi;mal  loads  the  })roduet  CR  should  be  greater  than 
about  0*02.  Thus  with  a  load  of  5  000  ohms  C  could  be 
4  /iF.  With  smaller  currents,  such  that  R  50(X)0  ohms, 
say,  a  condenser  of  I  //F.  would  suffice. 
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Smoothing  Circuits. 

Even  if  CE  ~  0*02  there  will  still  be  25  per  eent  ripple. 
This,  of  course,  is  far  too  great  to  be  tolerated  in  a  source 
of  h.t.  supply  to  a  valve  amplifier.  We  can  reduce  this  by 
increasing  (\  but  this  is  not  economical.  For  one  thing  C 
must  not  be  made  too  large  because  the  larger  the  value  of 
C  the  heavier  is  tlie  pulse  of  current  through  the  rectifier 
and  if  this  current  becomes  too  large  it  will  damage  the 
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Fio.  153.  Filter  Circuit  for  Rkdxjcinl  the  Ripple 


rectifier.  A  value  of  8  //F.  is  usually  the  maximuiu,  though 
16  /^F.  is  sometimes  used. 

Secondly,  doubling  C  will  only  halve  the  ripple,  wliereas 
if  we  use  the  additional  capacity  with  a  series  inductance 
to  form  a  filter,  as  shown  in  Fig.  153,  we  can  obtain  much 
more  effective  smoothing.  The  voltage  applied  across  the 
input  to  the  filter  is  dVj*!*  This  will  cause  a  current 
dl  ^dVI(L^o)-  l/(\o)),  neglecting  the  resistance  of  the 
choke.  The  voltage  across  the  outj)ut  condenser  is  dljC^m 
=—  dV l[L^(\(x)^  -  1),  so  tliat  the  ripple  is  attenuated  by  the 
amount  indicated  by  the  denominator  L^(\nr  -  1. 

If  a  second  section  is  added  this  produ(*es  a  further 
atteuiuation  of  1)  making  th(‘  total  attenuation 

LJj2( very  nearly.  Such  double  filtcTs  are  occasionally 
requin^d  but  usually  one  s(‘ction  suilices. 

Design  of  Rectifier  System. 

In  practice  we  desire  to  arrange  our  system  to  deliver  a 
certain  d.c.  voltage  at  a  certain  current.  The  first  step  is  to 
decide  how  much  voltage  drop  we  shall  experience  on  our 

*  It  is  customary  to  specify  the  ripple  iii  terms  of  its  peak  value 
in  either  direction,  i.e.,  half  tlie  maximum  variation  of  voltage. 
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system.  The  smoothing  choke  or  chokes  will  have  some 
d.c.  resistance  and  this  must  either  be  measured  or  estimated 
and  due  allowance  made  for  the  voltage  drop.  ]t  is  also 
necessary  to  allow  some  additional  voltage  drop  for  the 
loss  on  the  rectifier,  and  for  the  resistance  of  the  transformer 
winding. 

The  latter  effect  we  shall  ignore  here,  since  it  can  be 
allowed  for  by  designing  the  transformer  to  deliver  the 
voltage  required  at  the  sjjecified  load  current.  Further 
information  on  this  poini  is  given  in  the  next  chapter.  The 
rectifier  drop  depends  on  the  ty}K^  of  rectifier.  Except  vith 
mercury  vaynnir  rectifiers  which  are  considered  in  the  next 
section  we  can  a})proximate  to  the  truth  by  assuming  the 
rectifier  to  have  a  mean  resistance  which  can  V)e  added  to 
that  of  the  chokes. 

With  a  valve  rectifier  a  value  of  250  ohms  is  re])resentative, 
wdiile  Avith  metal  rectifiers  Rj.  may  be  between  500  and 
1000  ohms.  Tliese  figures  are  admittedly  indefinite.  They 
are,  in  any  case,  apj)roximations  because  the  current 
through  the  rectifier  is  many  times  the  load  current  so  that 
the  actual  voltage  drop  is  the  ])roduct  of  the  instantaneous 
rectifier  current  and  its  resistance  in  that  condition,  but 
it  must  be  remembered  that  a  2-1  error  in  the  estimation 
of  R^  only  makes  a  difference  of  a  few^  per  cent  in  the 
final  result  since  /?^is  usually  quite  small  compared  with  the 
load  resistance  R. 

Because  of  the  difficulty  of  assessing  the  rectifier  drop  it  is 
customary  for  the  valve  makers  and  manufacturers  of  metal 
rectifiers  to  jmblish  data  giving  the  rectified  output  with  a 
stated  value  of  reservoir  condenser  in  terms  of  the  a.c. 
input  from  the  transformer  for  different  values  of  load,  so 
that  the  designer  may  suit  himself  as  to  what  method  he 
adoj)ts.  A  tyj)ical  calculation  will  indicate  the  procedure. 
Let  us  assume  we  wish  to  develoj)  a  voltage  of  300  V.  at  a 
current  of  (>()  mA.  The  load  resistance  R  is  thus  5  000 
ohms.  To  make  CR  —  0*02  requires  C  -  4  /iF.  With  a 
full-wave  50  C/S  circuit  dV  Xj^RfC  then  becomes  0-25. 
(This  may  be  read  off  Fig.  152.) 

If  the  smoothing  choke  has  a  resistan(*e  of  200  ohms  and 
we  assume  R^  also  equal  to  200  ohms  the  combined  choke 
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and  rectifier  drop  will  be  400  X  0*06  =  24  volts,  so  that  the 
input  voltat^e  required  is  324  volts. 

Thus  V(l  +  l/2RfC) 

-324  (1-25)  -=405. 

Whence  ~  286  (on  load). 

The  curves  of  Fig.  154  are  for  a  typical  full- wave  rectifier. 
If  we  use  these,  we  omit  the  rectifier  drop  from  the  above 


DC  Volts  Output 

Fig.  154.  Curves  for  a  Typical  Full- Wave 
Rectifier 

calculations  so  that  the  input  voltage  re(|uired  is  312. 
From  the  curves  this  will  be  seen  to  require  an  r.m.s  input 
at  60  in  A.  of  285  volts. 

The  ripple  will  be  25  per  cent.  If  we  use  a  30  H.  choke 
and  an  8  //F.  smoothing  condenser  this  will  be  reduced 
94  times,  as  shown  on  ]>age  258,  leaving  0*265  per  cent  or 
zt  0*8  volts  ripple,  wdiicli  is  negligible  for  all  normal 
requirements. 

Voltage  Doubler  Circuits. 

The  action  of  the  voltage  doubler  circuit  is  a  little  more 
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complex  than  the  simple  circuits  so  far  considered,  because 
the  pulses  of  current  first  cause  an  increase  in  the  voltage 
on  the  top  condenser  and  then  half  a  cycle  later  an  increase 
in  the  opposite  direction  of  the  voltage  on  the  bottom 
condenser.  The  two  condensers  swing  away  from  the  mid 
point  as  shown  in  Fig.  155.  This  will  be  seen  to  produce  a 
curious  shape  of  ripple  and  while  this  has  a  frequency 


Ripple  - 

Fi(..  15.).  Ili,\  STR\T1N(.  Action  of  Voltaot:  Dot  blek  Circuit 


equal  to  twice  the  supply  frequency  and  thus  behaves 
similarly  to  a  full-wave  rectifier,  the  regulation  of  the 
circuit  is  equivalent  to  that  of  a  half-wave  rectifier.  This 
can  readily  be  understood  because  only  half  the  total 
capacity  is  r(q)lenished  every  half  cycle  which  is  equivalent 
to  rej)l(uiishing  the  total  capacity  every  cycle. 

It  will  be  clear  from  the  diagram  tliat  as  a  first  approxi¬ 
mation  the  output  voltage  is 

y  -2E,-dy 

-  ~  y/BfC 

Whence  T  -  2EJ(l  +  l/EfC) 

In  the  above  expressions — 

V  is  the  total  output  voltage, 

Ej,  is  the  peak  transformer  voltage, 
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C  is  the  capacity  of  each  of  the  voltage  doubling 
condensers  (assumed  equal),  and 
/  is  the  supply  frequency  (equals  50  with  the  normal 
supply). 

The  peak  ripple  is  a  little  less  than  dV  —  VIRfC.  The 
exact  value  depends  upon  the  percentage  of  the  time 
occupied  in  the  charging  action  but  it  is  satisfactory  to  take 
this  figure  for  purposes  of  calculation.  Jf  C  is  the  capacity 
of  each  condenser,  /  must  be  the  fundamental  frequency  as 
above,  despite  the  fact  that  the  ripple  frequency  is  twice 
the  fundamental.  Alternatively  we  can  view  the  system  as 
being  equivalent  to  a  single  condenser  of  capacity  0/2 
operating  at  a  ripple  frequency  of  100,  which  gives  the  same 
result. 

An  example  will  be  of  interest.  Let  us  assume  a  Westing- 
house  H.T.  16  rectifier  required  to  deliver  300  volts  at 
60mA.  Thus  B  =5  000  and  we  will  assume  0—4  //F. 
(each  condenser).  jP/C*  thus  -  1,  assuming  /  —  50. 

Let  us  assume  a  rectifier  resistance  of  500  ohms,  causing 
a  drop  of  30  volts,  so  that  V  should  be  330. 

Then  2E,-=V{}  +1/7?/^) 

--  330  X  2. 

Whence  660/2 V2  -  235. 

The  Westinghou.se  data  book  suggests  240  volts  which  is 
in  good  agreement  considering  the  arbitrary  assumption  of 

Rr. 

The  ripple  will  be  VIRfC  —  F,  so  that  the  condenser 
voltage  will  swing  from  zero  to  660  volts.  The  working 
voltage  of  each  condenser  must  thus  be  at  least  350  volts. 
(The  recommended  value  in  the  data  book  is  400).  In 
passing,  it  may  be  noted  that  this  is  the  worst  condition 
which  will  arise  since  even  on  no  load  the  voltage  on  the 
condensers  will  not  exceed  E\^'l  —  340  volts. 

Choke  Input  Circuits. 

As  the  load  current  on  the  system  increases,  the  peak 
current  taken  by  the  rectifier  in  charging  up  the  reservoir 
condenser  becomes  so  large  that  there  is  a  risk  of  damage  to 
the  rectifier  valve.  A  second  disadvantage  of  the  type  of 
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circuit  so  far  discussed  is  that  the  process  of  replenishing 
the  charge  in  a  sudden  pulse  over  a  small  fraction  of  the 
cycle  necessarily  makes  the  output  voltage  very  dependent 
upon  the  load.  If  we  redu(‘e  the  load  resistance  so  that  more 
current  is  drawn  from  the  reservoir  condenser  the  voltage 
will  fall  so  that  we  have  a  steadily  dropping  voltage 
characteristic. 

The  first  factor  is  the  more  serious  because,  in  order  to 
minimize  the  loss  in  the  rectifier,  which  may  become  more 
appreciable  at  high  powers,  it  is  usual  for  large  currents  to 
emj)loy  rectifiers  which  (*ontain  a  small  amount  of  mercury 
vapour.  These  valves  commence  operation  as  an  ordinary 
thermionic  device  but  the  electrons  emitted  from  the 
cathode  encounter  molecules  of  mercury  vapour  in  their 
transit  from  cathode  to  anode.  These  molecules  they 
ionize  and  the  heavy  positive  ions  drift  towards  the  cathode 
thus  augmenting  the  current  many  times. 

The  process  is  cumulative  and  the  result  is  a  conducting 
path  of  extremely  low  resistance,  the  only  voltage  drop  of 
importance  being  the  ionization  potential  which  is  necessary 
to  ionize  the  molecules,  this  being  of  the  order  of  some 
15  volts,  irrespective  of  the  (*urrent. 

With  such  a  valve  very  heavy  peaks  of  current  might 
flow ,  causing  rapid  destruction  of  the  valve,  but  fortunately, 
both  this  defect  and  the  inherently  bad  regulation  of  the 
condenser  input  circuit  can  be  overcome  if  we  can  arrange 
that  the  current  from  the  rectifier  is  continuous  over  the 
conducting  half  cycle.  This  can  be  achieved  by  introducing 
a  choke  befon'  the  first  (‘ondenser  in  the  system,  such  an 
arrangement  being  known  as  a  choke  input  flter.  The 
arrangement  is  showm  in  Fig.  156  for  a  full-wave  rectifier. 
A  choke  being  a  device  which  tends  to  maintain  a  constant 
(‘urrent  it  wnll  clearly  not  permit  sudden  pulses  of  current 
as  shown  in  Fig.  151,  but  will  actually  tend  to  maintain 
the  current  through  the  rectifier,  the  choke  and  the  load 
constant. 

Undei;  such  conditions  the  condenser  C\  has  little  effect  on 
the  voltage  developed,  the  d.c.  voltage  being  determined  by 
the  transformer  secondary  voltage  Ej,  less  the  voltage  drop 
in  the  rectifier  and  the  choke.  We  have  seen  that  if  mercury 
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vapour  rectifiers  are  used  the  voltage  drop  in  the  rectifier  is 
constant  so  that  we  are  only  left  with  the  voltage  drop  on 
the  choke  and  the  regulation  of  the  transformer,  which 
involves  not  only  its  winding  resistance  but  also  the  leakage 
inductance  as  explained  in  the  next  chH])ier.  It  is,  however, 
practicable  to  kt'cp  both  these  voltage  drops  small  so  that 
we  are  able  to  provide  that  the  voltage  delivered  at  the 
output  terminals  is  tolerably  constant  irrespective  of  the 
load  current. 


Li  Lz 

Fl(».  156.  C^HOKE  InPLT  ClKCUlT 

The  rise  in  output  voltage  from  full  load  current  to  no 
load  current  is  called  the  regulation  of  the  system  and  it  is 
not  difficult  to  achieve  a  regulation  of  5  per  cent  only. 
Actually  this  good  regulation  cannot  be  maintained  riglit 
down  to  no  load,  as  we  shall  see,  but  over  the  majority  of 
the  current  ran^e  from  about  one-tenth  full  load  to  full 
load  the  change  in  voltage  can  be  made  to  be  less  than 
5  per  cent. 

Fig.  157  shows  the  form  of  the  current  through  the 
rectifier,  from  which  it  will  l>e  s(‘en  that  the  rectifier  current 
is  equal  to  the  load  current  with  a  double-frequency  ripple 
superposed  and  if  we  increase  the  drain  on  the  circuit, 
so  that  the  load  current  increases,  the  rectifier  current 
increases  in  similar  proportion. 

There  is  no  longer  any  qu(‘stion  of  the  rectifier  not 
conducting  until  the  a.c.  voltage  has  exceeded  a  certain 
amount  except  just  at  the  very  beginning  of  the  cycle.  This 
being  so  the  d.c.  voltage  output  is  the  mean  value  of  the 
a.c.  from  the  transformer  secondarv.  We  know  that  the 
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mean  value  of  a  rectified  sine  wave  is  whereas  the 

r.m.s.  value  is  EJ'\/2. 

Hence  the  ratio  of  the  r.m.s.  voltage  on  the  transformer 
to  the  d.c.  outinit  is  2EjTTy/2  ~  1*11  (which  is,  inci¬ 
dentally,  the  form  factor  of  a  sine  wave).  Conversely  the 
d.c.  output  is  0*9  times  the  r.m.s.  a.c,  input.  The  actual 
d.c.  at  the  output  terminals,  of  course,  is  less  than  this  by 


the  amount  of  tlie  rectifier  voltage  drop  (lo  volts)  and  the 
<lro})  on  the  choke  due  to  its  d.c.  resistance. 

Value  of  Series  Inductance. 

Tlie  difference  in  voltage  between  th('  applied  a.c.  from 
the  transformer  and  the  steady  d.c.  output  is  absorbed 
mainly  by  the  choke.  The  choke  will,  in  fact,  carry  a 
ripple  current  and  it  Mill  be  clear  from  Fig.  157  that  the 
limiting  condition  for  the  maintenance  of  a  continuous 
current  flow  through  the  rectifier  is  that  the  peak  ripple  is 
less  than  the  steadv  d.c.  current. 
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Noa\  the  form  of  the  ripple  voltage  delivered  by  the 
rectifier  is  a  series  of  rectified  half-sine  waves.  This  may 
be  represented  by  a  mean  value  plus  a  series  of  sine 

vaves  having  frequencies  of  2,  4,  6  times  the  fundamental 
(50  c/s)  frequency.  We  are  only  con(*erned  with  the  first  of 
these — the  second  harmonic  tt'rm — since,  as  we  have  seen, 
the  effect  of  the  choke  will  be  magnified  on  the  higher 
harmonies  so  that  if  we  make  it  large  enough  to  deal  with 
the  lowest  frequency  ripple  it  will  be  more  than  adequate 
for  the  higher  frequency  terms,  which  are  in  any  case  much 
smaller.* 

The  peak  amplitude  of  this  second  harmonic  term  is 
4:EJ*S7r  so  that  the  ripple  current  will  be  this  voltage 
divided  by  the  impedance  of  the  (‘ircuit  Z.  In  general 
the  reactance  of  will  be  low  comj)ared  with  the  load  R, 
so  that  we  can  say  that  Z  —  Jao  ~  l/(Vo  (a>  here  being  the 
value  appropriate  to  the  double  frequency,  i.e.  100  e/s  with 
a  50  cycle  full-wave  rectifier). 

The  peak  ripple  current  is  thus  4A\y37r  (L(o  ~  l/(’ft>) 
and  this  must  be  less  than  the  d.c.  which  is  2EjJ7tR  (the 
mean  rectified  output  divided  by  the  load). 

Equating  these  two  we  find  that  Lo)  —  2R/3  j  IjCo). 
If  Coj  is  large  so  that  ]/Co)  is  negligible,  this  reduces  to 
LcojR  —  0*67,  a  criterion  w^hieh  is  often  quoted.  It  may, 
however,  be  uneconomical  to  make  as  large  as  would  be 
necessary  to  justify  this  assumption,  but  it  will  be  clear 
that  if  C  is  reduced,  L  must  be  iiuTeased. 

A  very  able  exposition  of  the  requirements  w\as  given  by 
C.  R.  Dunham  (Journal  J.E.E.,  1943,  Vol.  75  p.  278)  in 
which  an  economical  value  of  l/(\o  of  R/i)  is  suggested. 
This  is  still  small  enough  to  be  negligible  in  comparison 
with  R  (remembering  that  it  is  in  quadrature)  and  results  in 
a  criterion  JjoJR  —  0*84. 

Swinging  Chokes. 

These  values  of  L  are  the  minimum  values  necessary  to 
maintain  a  continuous  current  through  the  rectifier  and  the 

*  The  expression  for  a  reetified  hall-sine  wave  is 

/  2  2  2  \ 

e  —  - — -  f  1  -  -eg  —  eos  4(xjt  —  ~  ef)S  ()  o)t  - . | 

77  \  .1  15  3.)  / 
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actual  value  should  be  20  to  30  per  cent  higher  to  allow  a 
margin  of  safety.  It  will  also  be  noted  that  the  value  of  L 
depends  on  the  load.  As  the  load  decreases  (increasing  R) 
the  inductance  must  rise  in  direct  proportion.  Chokes  can 
be  constructed  to  comply  with  this  condition  over  a  range 
of  current  and  are  known  as  swinging  chokes.  They  will 
not  maintain  their  increase  below  about  1/lOth  full  load, 
which  is  the  reason  for  the  statement  previously  made  that 
good  regulation  cannot  be  maintained  right  down  to  no 
load,  but  it  is  always  practicable  to  place  a  permanent 
load  across  the  circuit  drawing  10  to  20  per  cent  of  the  full 
load  current  so  that  the  svstem  always  delivers  more  than 
the  critical  current. 

It  should  also  be  noted  that  if  the  load  falls  belo\\  the 
value  for  which  the  choke  has  been  designed  so  that  the 
current  is  no  longer  continuous,  the  arrangement  takes  on 
the  characteristics  of  a  shunt -condenser  circuit  and  the 
voltage  rises  sharply,  reaching,  in  the  limit,  the  full  value 
at  no  load. 

Peak  Current. 

With  the  criteria  quoted  above  the  ])eak  current 
through  the  rectifier  is  limited  to  twice  the  mean  current, 
a  considerable  improvement  over  the  shunt  condenser 
system. 

It  may,  hovcver,  be  desirable  to  work  with  a  still  lower 
ratio  of  peak/mcaii.  Mercury  rectifiers  are  usually  rated  in 
terms  of  peak  current,  and  the  permitted  ratio  of  ])eak/ 
mean  may  be  less  than  2,  ])articularly  with  a  small  rectifier 
designed  for  high  efficiency  working. 

If  su(*h  is  the  case  the  value  of  L  must  be  increased  in 
due  proportion.  Thus,  if  the  ripple  is  halved,  the  ratio 
of  peak  to  mean  becomes  1-5  instead  of  2.  Thus,  we  should 
achieve  the  required  result  by  making  LtoIR  —  l-GcS.  Tt 
should  be  noted  that  increasing  ('  will  not  suffice  because 
l/Co)  is  already  small  and  if  it  is  made  infinite  it  can  only 
reduce  the  rip})le  in  the  ratio  0* 84/0-67  =  1-25. 

A  final  precaution  is  that  the  values  of  T  and  L  should  not 
be  such  as  to  r(\sonate  with  the  ripple.  This  can  alw^ays  be 
checked  but  it  will  be  found  that  with  the  values  suggested 
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there  is  do  danger  of  this.  Ff  L  is  under  one  henry,  however, 
the  leakage  inductance  of  the  transformer  (which  is  in 
series  with  L)  may  increase  the  value  to  such  a  point  that 
resonance  occurs.  (Sc^e  next  chapter.) 

Smoothing. 

Tt  is  still  necessary  to  smooth  the  remaining  riy)ple,  for 
though  the  choke  and  condenser  constitute  a  filter  the 
initial  ripple  may  be  much  larger  than  with  the  shunt 
condenser  input  circuit.  The  peak  ri])ple  is  and 

since  the  mean  value  of  the  d.c.  is  ^EJtt  the  ratio  of  the 
two  is  2/3  —  0*67,  vliich  is  about  three  times  as  great  as 
with  a  typical  shunt  condenser  circuit. 

The  circuit  is  therefore  followed,  as  a  rule,  by  a  second 
filter,  the  attenuation  being  calculate<l  as  already  explained. 

A  typical  design  will  illustrate  all  these  points.  Let  us 
assume  our  requirements  to  be  a  supj)ly  of  1  250  volts  at  a 
current  varying  betw'een  0-()5  and  0-25  am])s.  Assuming  a 
double  filter  with  50  volts  drop  on  each  choke  and  a  further 
15  V.  in  the  rectifier  our  input  voltage  -  1  365.  Hence  the 
r.m.s.  transformer  voltage  (on  load)  must  be  1  365  x  111 
=  1  515. 

R  is  1  250/0-25  —  5  000  ohms. 

Whence  Lo)  -  0-84  v  5  000  4  200 

f  -  100  so  that  L  6-7  H.  say  7  H 

This  is  at  full  load.  At  50mA.  the  inductaiice  must  be 
5  times  as  great,  i.e.  35  H,  so  that  the  choke  would  be 
sj)ecified  as  7/35  H  at  250/50  mA. 

C  --  i)/(oR  --  6/(628  X  5  000)  -  1-93  //F.,  say  2  ^F. 

Initial  ri])pl(‘  =  1  365  X  0-67  —  915  volts. 

Ki])ple  across  first  condenser 

915/(7  X  2  X  10«  X  477-2  X  lO^--  1) 

915/4*5  ---  204. 

If  we  wish  to  reduce  our  ripple  to  1  per  cent  -  12-5  volts 

we  require  a  further  attenuation  of  16-5  times  which  requires 
an  L('  product  of  42  so  that  a  7  H.  choke  and  a  6  /tiF. 
condenser  would  suffice. 
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Insulation. 

Because  of  the  high  output  voltage  the  (“hokes  would 
preferably  be  placed  in  the  negative  lead  as  shown  in  Fig. 
156.  This  avoids  the  need  to  insulate  for  the  d.c.  potential 
but  it  is  still  necessary  to  insulate  for  the  peak  ripple  in  the 
first  choke  —  0*67  V.  so  that  for  safety  the  choke  should 
be  insulated  fo^  a  peak  ^\orking  voltage  of  V  and  tested 
at  twice  this  voltage.*  If  for  any  reason  it  is  incon¬ 
venient  to  use  the  chokes  in  the  negative  lead  the  chokes 
must  be  insulated  for  a  peak  voltage  of  2  V. 

Tlie  first  condenser  will  have  to  withstand  the  d.c. 
voltage  V  plus  the  ])eak  ripjde  across  it  which  we  have  seen 
to  be  10  and  20  per  cent  of  the  total  input  ripple.  Under 
normal  conditions,  therefore,  it  is  sufficient  to  design 
for  a  working  voltage  of  1-5  V.  and  for  about  1*1  V. 
It  should  be  remembered,  however,  that  if  the  load  on  the 
circuit  is  removed  for  any  reason  the  voltage  w  ill  rise  to  the 
full  peak  value  of  the  a.c*.  input,  on  both  condensers.  Sound 
design  t  bus  requires  both  condensers  to  be  designed  to  with¬ 
stand  a  peak  voltage  and  to  be  tc'sted  at  twice  this  figure. 

The  case  of  the  shunt  (*ondenser  circuit  has  already  been 
mentioned.  The  input  condenser  wdll  have  to  withstand 
the  full  peak  value  of  the  applied  a.c.  =  and  if  a  paper 
condenser  is  used  here  the  w'orking  voltage  should  be  taken 
as  twice  the  d.c.  for  safety.  The  smoothing  condenser  need 
normally  only  be  insulated  for  a  voltage  T,  but  again  if 
the  load  is  removed  it  will  be  subject  to  the  full  peak  voltage 
and  the  same  applies  to  the  chokes  if  these  are  in  the 
positive  lead  as  is  usual.  All  the  components,  therefore, 
should  be  specified  to  withstand  a  peak  of  2  V.  for  safety. 

If  the  first  condenser  is  electrohi^ic  (parlicularly  the  wet 
type)  the  factor  of  safety  may  be  dropped.  For  example 
typical  c’ondensers  are  s]>ecified  as  440  V.  working.  460  V. 

♦  Coiidonsors  are  rated  m  peak  voltage  and  are  tested  on  d.c. 
An  a.c.  test  on  an  equivalent  voltage  (equal  to  0*71  tunes  the 
jieak  voltage)  is  not  the  same  because  the  condenser  will  draw 
current.  This  may  cause  overheating  and  does  not  represent  the 
working  condition.  When  ordering  a  condenser  always  specify 
the  conditions  under  which  it  will  be  used.  This  enables  the  manu¬ 
facturer  to  ensure  that  tlio  condenser  will  handle  not  only  the 
voltage  stress  but  also  the  current  likely  to  flow. 
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peak  or  surge.  Such  a  coudenser  A\ould  be  suitable  for  an 
a.c.  input  of  3 JO  volts.  It  should  always  be  remembered 
that  the  a.c.  mains  are  permitted  to  vary  i  12  per  cent 
in  voltage.  310  volts  +  12  per  cent  gives  492  volts  peak 
which  vould  break  down  the  condenser.  If  it  were  of  the 
wet  type  it  would  re-seal  after  each  breakdown  but  con¬ 
tinuous  use  under  such  conditions  would  boil  the  liquid 
and  quickly  render  the  condenser  useless. 

The  filament  windings  of  the  rectifiers  must,  of  course, 
be  insulated  to  the  same  extent  as  the  part  of  the  circuit 
to  w^hich  they  are  connected.  Thus  in  Fig.  156  the  filament 
winding  must  withstand  a  normal  voltage  of  at  least  2  V^. 

Peak  Inverse  Voltage. 

The  rectifiers  have  to  withstand  an  even  greater  strain, 
which  is  at  its  maximum  durum  the  non-conducting  portion 
of  the  cycle  and  is  thus  known  as  the  peak  inmrse  voltage. 

Consider  Fig.  150(a).  On  no  load  the  condenser  C  will 
charjre  to  During  the  negative  half  cycle  the  point  A 
will  be  negative  so  that  the  transformer  voltage^  will  add  to 
the  condenser  voltage.  The  ])eak  inverse  across  the  rectifier 
is  thus  2Ep, 

The  same  a]»plies  to  each  of  the  rectifiers  in  Fig.  ]50(Ij) 
and  150(d).  In  the  bridge  circuit  of  Fisr.  150(c)  the  con¬ 
denser  voltage  do(‘s  not  add  to  the  transformer  voltage  so 
that  the  inverse  ])eak  is  sini])ly  Ej,. 

Three-phase  Supply. 

Large  powers  are  usually  transmitted  by  a  three-phase 
system.  This  is  an  arrangement  of  thre(‘  voltages  of  equal 
value,  displaced  from  one  another  120  degrees  in  phase 
Such  a  system  ha‘N  many  advantages  from  the  power 
engineer’s  jioint  of  view .  Foi;  one  thing  he  can  obtain  three 
entirely  separate  circuits  with  only  three  wires  instead  of  six. 
An  ideal  three-phase  circuit  in  which  all  the  voltages  are  equal 
and  all  the  currents  are  balanced  is  characterised  by  the  fact 
that  the  sum  of  the  three  voltages  or  currents  is  7.ero  at  any 
instant.  This  will  be  clear  from  the  diagram  of  Fig.  158. 

Tn  practice,  of  course,  the  loads  on  the  three  phases  are 
not  exactly  balanced  so  that  there  is  small  residual  out  of 
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balance  current  and  therefore  a  fourth  or  neutral  wire  is  pro¬ 
vided  to  carry  this  out-of-balance  current.  It  need  only  be  of 
comparatively  light  gauge  and  is  usually  connected  to  earth.* 
A  three-phase  supply  may  be  used  two  ways.  The 
equipment  may  be  designed  to  operate  from  each  of  the 
three  phases  to  earth  as  indicated  in  Fig.  159(a).  This  is 
known  as  a  stor  connexion.  It  may  also  be  designed  to 
operate  on  the  voltages  existing  between  the  phases 


Fig.  1.)8.  Vector  Kelationships  in  Three-ph\se  System 

themselves.  Now,  as  is  shown  in  Fig.  158  the  vector 
difference  between  two  voltages  120""  different  in  phase  is  a 
voltage  greater  than  either,  actually  \/3  times  as  great. 
It  will  be  clear  that  if  w  e  do  this  to  each  pair  of  phases  in 
turn  we  shall  obtain  a  similar  symmetrical  system  consisting 
of  three  voltages,  each  times  the  phase  voltage,  but  all 
adding  up  to  zero  as  before. 

If  we  design  our  equipment  to  operate  on  the  phase 

*  It  is  not  connected  direct  to  earth  for  reasons  associated  with 
the  protection  of  the  generators  and  transformers  at  the  power 
station  and  siib-stations.  It  is  substantially  at  earth  potential 
but  it  should  not  be  connected  directly  to  earth  in  any  ecpiipment 
operating  off  the  three-phase  supply.  If  an  isolating  transformer  is 
used,  however,  there  is  no  objection  to  the  connection  of  the  neutral 
point  on  the  secondary  directly  to  earth,  and  this,  in  fact,  is  usually 
done. 
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voltage,  therefore,  we  still  have  the  three  connections  but 
there  is  no  neutral  connection.  This  arrangement  is  known 
as  delta  connection  and  both  methods  are  used  in  practice, 
according  to  which  is  the  more  convenient.  It  is  worth 
noticing  in  passing  that  the  voltages  between  the  phases 
are  30  degrees  out  of  phase  with  the  voltages  from  phase  to 
earth. 


Motors  of  power^i  above  1  h.p.  are  nearly  always  made  to 

Red  Red 


Fir..  Star  ani>  Drlta  (‘onvrxions 


Operate  off  tliree-phase  supx)ly.  This  is  because  if  we  have 
three  windings  spaced  120  degrees  apart  around  the 
periphery  of  a  stator  and  we  ayiply  three-ydiase  ciirrent  we 
obtain  the  effect  of  a  rotating  magnetic  field.  It  will  be 
clear  that  the  voltage  will  come  to  a  maximum  in  each  of 
the  coils  in  turn  so  that  the  position  of  maximum  magnetic 
field  follows  the  coils  round  in  sequence  and  will  thus 
rotate  at  the  same  sj)eed  as  the  frequency  of  the  supply, 
namely  50  times  per  second.  A  suitably  designed  rotating 
system  located  in  such  a  rotating  field  will  be  dragged 
round  accordingly  and  such  an  arrauirement  j)rovides  a 
very  efficient  type  of  motor. 

Three-phase  transformers  can  be  designed  appreciably 
smaller  than  for  the  corresponding  power  in  a  single-phase 
transformer,  and  generally  speaking,  for  all  but  the  simplest 
types  of  equipment,  three-phase  operation  is  greatly  to  be 
preferred. 

The  ordinary  electric  light  siipi:)ly  for  domestic  use  is 
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obtained,  merely  using  one  of  the  phases  and  the  neutral. 
This  gives  us  a  two-wire  single  phase  system.  The  supply 
authority  arranges  its  feeder  to  different  districts  and  even 
different  parts  of  the  same  road  so  as  to  adjust  the  loads 
to  be  as  nearly  equal  as  possible  on  each  of  the  three 
phases.  It  is,  therefore,  possible  to  have  two  houses  next 
door  to  one  another  on  different  phases  of  the  supply,  but 
this  does  not  affect  the  consumer  in  any  way  since  each 
phase  acts  in  an  idcnti<*al  manner  considered  individually. 

The  fact  that  the  voltage  between  phases  is  substantially 
higher  than  that  between  the  pliase  and  neutral  (earth)  is  a 
point  which  should  always  be  borne  in  mind.  The  usual 
low  voltage  distributing  networks  in  this  country  are 
designed  for  phase  voltages  of  230  volts  or  thereabouts. 
This  is  a  voltage  which  is  not  unduly  dangerous  except  to 
persons  in  poor  health.  The  voltage  between  phases, 
however,  is  230 \/3  =  400,  which  is  a  decidedly  dangerous 
voltage.  Due  caution  should,  therefore,  be  used  when 
dealing  with  three-phase  circuits  for  this  reason  and  even 
the  insulation  of  the  leads  to  any  transformers  or  similar 
equipment  may  require  more  attention,  for  although  a 
comparatively  low  grade  insulation  may  suffice  for  the 
ordinary  230  volt  supply  the  ywsition  may  be  quite  different 
if  the  insulation  has  to  withstand  400  volts. 

Three-phase  Rectifier  Circuits. 

It  will  be  clear  that  where  thre‘e-])hase  supply  is  available 
it  is  possible  to  improve  the  conversion  of  a.c.  to  d.c.  by 
using  all  thre'e  phases.  If  we  charge  the  condenser  three 
times  in  every  period  our  ripple  frequency  becomes  150, 
w  hile  if  we  can  arrange  a  three-phase  full-w  ave  arrangement 
the  ripple  frequency  becomes  300. 

Fig.  100  shows  a  three-phase  single-wave  rectifier 
arrangement.  The  transformer  is  connected  with  its 
secondary  in  star  and  a  rectifier  is  connected  from  the  outer 
of  each  of  the  limbs.  The  cathodes  of  all  three  rectifiers 
are  common  and  are  taken  to  the  input  circuit.  A  condenser 
input  cimiit  may  be  used  for  small  powers  but  ,since  three- 
phase  working  is  usually  employed  where  higher  powers  are 
involved  one  usually  finds  a  choke  input  circuit.  For  the 
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reasons  already  mentioned  the  choke  is  connected  in  the 
neutral  point  so  that  it  is  at  low  potential. 

The  construction  of  three-phase  transformers  will  be 
described  in  the  next  chapter.  It  may  be  noted,  however, 
that  the  primary  of  the  transformer  may  either  be  a  similar 
star  arrangement  with  each  of  the  windings  designed  for 
operation  at  phase  voltage  or  it  may  be  a  delta  arrangement 


Fig.  160.  Thuet>phask  Singee-wave  Kectiukii  Oikci^it 


with  the  windings  designed  to  operate  at  the  phase-to-phase 
voltage.  For  small  powers  three  separate  single-phase 
transformers  may  be  used,  but  this  arrangement  is  not  used 
for  higher  powers  because  with  any  single- wave  transformer 
the  transformer  secondary  has  to  carry  a  d.c.  component. 
The  waveform  of  the  secondary  is,  in  fact,  the  rectified 
half  wave  already  mentioned,  and  the  d.i*.  component  may 
produce  saturation  of  the  iron.  With  a  three-phase  trans¬ 
former  in  which  the  windings  are  arranged  on  three  limbs 
of  a  special  type  of  stamping  this  saturation  is  avoided  as  is 
explained  later. 

The  design  of  the  filter  is  modified  from  that  of  a  single¬ 
phase  case  because  of  the  overlapping  of  the  voltages  as 
showm  in  Fig.  161.  The  effective  voltage  thus  never  falls  to 
zero  so  that  the  ripple  is  con.siflerably  reduced. 

Actually  the  mean  value  of  a  three-phase  sequence  of  the 
type  shown  in  Fig.  161  (a)  is  0*83  and  the  peak  ripple  is 
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0*3  Ej,,  This  ripple  has  a  frequency  of  three  times  the 
fundamental  frequency,  i.e.  150  c/s  for  a  normal  50  c/s 
supply. 

Using  these  figures  the  choke  and  first  condenser  may  be 
calculated  by  the  same  method  as  before,  using  /  =  150, 
and  the  second  choke  and  condenser  constituting  the  ripple 
filter  can  be  calculated  in  a  similar  manner.  Owing  to 
the  higher  frequency  of  the  ripple  and  smaller  initial  ripple 
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content  it  is  possible  that  a  second  filter  may  not  be 
required.  If  it  is  necessary  its  inductance  and  capacity  ill 
be  appreciably  smaller  than  with  a  single-phase  circuit. 

Fig.  162  shows  a  three-phase  full-w^ave  rectifier.  With 
this  arrangement  the  successive  half  cycles  of  voltage 
across  the  load  follow  one  another  every  60  degrees, 
i.e.  six  times  in  a  complete  cycle.  The  result  of  this,  as  will 
be  seen  from  Fig.  161(6),  is  that  the  ripple  voltage  is 
extremely  small.  The  voltage  30  degrees  on  each  side  of  the 
peak  of  the  wave  is  0*87  times  the  peak  value,  so  that  we 
have  only  dropjied  13  per  cent.  The  total  value  of  the 
ripple  is  thus  only  6i  per  cent  and  the  mean  value  of  the 
voltage  is  0*93  E^.  Consequently,  with  such  a  circuir, 
smoothing  is  the  least  of  the  problems  and  it  is  only 
necessary  to  design  the  choke  to  maintain  a  continuous 
current  through  the  rectifier.  The  same  laws  as  before 
apply,  but  in  this  case  /  is  300. 

it  will  be  seen  that  with  this  circuit  two  legs  of  the 
transformer  are  always  in  series,  each  feeding  through  its 
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appropriate  rectifier,  so  that  the  voltage  per  leg  is  only 
half  that  which  is  required  in  a  single- wave  circuit.  (It 
must  be  remembered  that  we  are  dealing  with  peak  values 
so  that  the  phase  difierence  betAveeii  tlie  voltages  on  the 
three  legs  does  not  enter  into  the  calculations  here.) 

Fig.  163  shows  yet  another  form  of  three-phase  full- wave 


Fig.  162.  Thkee-phase  File-wave  Rectiiier  Circitit 


rectifier,  this  being  known  as  the  Double  Y  circuit.  Here 
there  are  two  star  connected  secondaries  so  phased  that 
their  voltages  are,  at  any  instant,  in  opposition.  Thus,  the 
voltage  at  the  point  A  is  always  equal  and  opposite  to  the 
voltage  at  point  Each  of  the  limbs  of  the  star  is  fed 
to  a  rectifier  but  all  the  rectifiers  have  common  cathodes  so 
that  only  one  filament  supply  is  necessary  instead  of  four 
separate  supplies  as  in  the  circuit  of  Fig.  162. 

It  is,  however,  necessary  to  interpose  a  reactor  or  balance 
coil  between  the  neutral  points  of  each  of  the  stars.  This 
is  essential  to  maintain  the  continuity  of  current,  and  it  can, 
of  course,  be  the  ordinary  series  inductance  in  the  negative 
lead.  If  it  is  arranged  in  the  form  shown  in  Fig.  163 
however,  it  will  be  observed  that  the  d.c.  fiows  through 
both  halves  of  the  winding  in  opposition  so  that  the 
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effect  cancels  out.  We  shall  see  in  the  next  chapter  that  a 
choke  which  has  to  carry  d.c.  as  well  as  a.c.  has  to  be 
larger  than  one  carrying  a.c.  only  because  of  the  saturation 
of  the  iron. 


Transformer  Current. 

So  far  we  have  r  ot  discussed  the  current  to  be  supplied 
by  the  transformer.  The  design  of  transformers  is  dealt 


Fio.  Thhee -PHASE  Double -Y  Rectifier  Circuit 


with  in  the  next  chapter,  but  it  is  relevant  to  consider  here 
the  requirements  in  a  transformer  feeding  a  rectifier. 

The  choke  input  type  of  circuit  is  the  simpler  and  will 
be  considered  first.  As  we  have  seen,  the  current  through 
the  rectifier  with  a  single-phase  circuit  is  ^^qiial  to  the  d.c. 
(plus  the  ripple).  This  is  in  the  nature  of  a  square-topped 
wave,  as  shown  in  Fig.  164,  which  is  different  in  its  heating 
effect  from  a  sine  w  ave. 

The  average  value  of  the  secondary  current  in  either  limb 
is  7/2.  Wb  can  easily  calculate  the  r.m.s.  value;  the 
current  squared  is  P  for  half  the  time  and  zero  for  the 
remainder,  so  that  the  mean  squi^red  value  is  P/2  and  the 
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root  of  this  (which  is  the  r.m.s.  value)  is  li's/2,  Hence  the 
effective  current  in  each  limb  of  the  secondary  winding  to 
//>v/2  and  the  transformer  should  be  designed  accordingly. 

Similar  calculations  can  be  made  for  three-phase  circuits. 
With  a  three-phase  half-wave  circuit,  for  example  the 
current  is  I  for  one-third  of  the  time  so  that  the  effective 
r.m.s.  current  is  //V^* 

For  a  bridge  or  a  three-phase  full-wave  circuit  the  current 


a 
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Fig.  164.  Fokm  of  Curkent  through  Rectifier 

is  symmetrica],  being  a  square-topped  wave  of  peak  value 
/,  alternately  positive  and  negative.  The  r.m.s.  value  of 
such  a  wave  is  7,  as  the  reader  may  easily  verify  for  himself. 

With  shunt  condenser  input  circuits  the  calculations 
are  not  so  simple.  As  we  have  seen,  the  current  in  such  a 
circuit  is  in  the  form  of  large  peaks  of  short  duration. 
Since  the  heating  effect  is  proportional  to  the  square  of  the 
current,  such  currents  cause  considerable  heating.  As  a 
general  guide  the  transformer  secondary  should  be  designed 
to  supply  (continuously)  an  r.m.s.  current  of  1-5  to  2  times 
the  d.c.  load  current  for  a  full-wave  circuit,  the  ratio 
becoming  larger  with  smaller  d.c.  current.*  For  a  half-wave 
or  a  voltage  doubler  circuit  the  ratio  should  be  between 
2  and  3. 

The  table  below  summarizes  the  information. 

*  It  is  sometimes  suggested  that  as  the  transformer  secondary  in 
a  full-wave  circuit  only  supplies  current  lialf  the  time  the  above 
figures  may  be  halved.  This  is  incorrect  as  the  necessary  allowance 
has  already  been  made  in  the  calculations. 


VOLTAGE  AND  CURRENT  RELATIONS  IN  RECTIFIER  CIRCUITS 

TYPE  OF  CIRCUIT 


I0~-(T.54IJ> 


T’  is  the  d.c.  voltage  output 
7  IS  the  d.c.  load  current 


CHAPTER  XVir 

TRANSFORMER  AND  CHOKE  DESIGN 

A  TRANSFOBMER  consists  essentially  of  an  arrangement  in 
which  two  coils  are  magnetically  coupled  to  one  another. 
If  a  varying  current  is  passed  through  one  coil,  known  as 
the  primary,  the  changing  flux  linking  with  the  second 
coil,  called  the  secondary,  induces  a  voltage  therein. 

In  a  perfect  transformer  all  the  magnetic  flux  produced 
by  the  primary  should  link  with  the  secondary.  This  ideal 
state  of  affairs  cannot  be  attained,  but  for  power  frequencies 
and  audio  frequencies  it  is  possible  to  approach  the  ideal 
by  arranging  the  coils  around  an  iron  core.  Since  the 
permeability  of  iron  is  many  times  greater  than  that  of  air 
the  lines  of  magnetic  force  lie  mainly  within  the  iron,  and  if 
both  coils  are  wound  on  the  same  core  the  greater  part  of 
the  flux  produced  by  the  primary  links  w  ith  the  secondary 
and  vice  versa. 

Before  discussing  the  subject  in  detail,  however,  it  is 
clearly  desirable  to  obtain  an  understanding  of  the 
mechanism  by  which  magnetic  fields  are  produced  and  then 
to  consider  briefly  the  behaviour  of  iron  and  magnetic 
materials  generally  under  the  influence  of  magnetizing 
forces. 

Magnetizing  Force. 

Fig.  16^  shows  a  cross-section  of  a  coil  with  the  magnetic 
field  indicated  by  dotted  lines.  This  field  is  clearly  not 
uniform  but  it  will  be  observed  all  the  lines  of  force  pass 
through  the  section  AB  in  the  centre  of  the  coil.  Hence, 
if  we  find  the  field  in  the  centre  of  the  coil  w^e  shall  have 
evaluated  the  total  field  produced. 

Now^  the  magnetic  field  at  a  distance  r  from  a  small 
element  of  wire  of  length  dx  carrying  a  current  I  is  Idxfr^. 
We  consider  the  coil  to  be  made  up  of  an  infinite  number  of 
infinitely  small  elements  at  gradually  increasing  distances 
from  the  centre  (on  either  side)  and  we  integrate  the  total. 
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This  results  in  the  expression 


where 

I  is  the  current  in  amperes, 
n  is  the  number  of  turns, 

I  is  the  Jenf^lh  of  the  eoil,  and 
(I  is  the  diameter  of  the  coil. 

If  the  eoil  is  long  the  correcting  term  becomes  unity, 
so  that 

H  - 1-26  In/1 


This  is  the  magnetic* 
field  strength  at  the  centre 
of  the  coil,  also  known  as 
the  mtujnetizinq  force,  Field 
strength  is  defined  as  the 
number  of  lines  of  forc'c  j)er 
unit  area  so  that  the  total 
number  of  lines  —  or  the 
flvjr — is  HA,  w'Iktc  A  is 
the  cross-sectional  area  of 
the  coil.  The  symbol  <fj  is 
usually  adopted  to  repre¬ 
sent  flux,  so  that  </►  -  HA. 


A 


Fig.  165.  Illustrating  Magnetic 
Flix  in  a  Coil 


Effect  of  Iron.  Magnetic  Circuit. 

Tf  w(‘  insert  an  iron  core  in  the  eoil  the  flux  is  increased 
many  hundred  times.  We  say  this  is  because  iron  is  more 
permeable  than  air.  It  is  indeed,  so  much  better  that  even 
if  the  cross-section  of  the  iron  is  smaller  than  that  of  the 
coil,  by  far  the  greater  part  of  the  flux  inside  the  coil  will 
be  within  the  iron. 

Outside  the  coil  the  flux  must  return  through  the  air  as 
shown  dotted  in  Fig.  166(a),  but  we  shall  clearly  be  still 
better  off  if  we  yirovide  a  continuous  iron  path  for  the  flux 
as  in  Fig.  16Q(6).  This  is  knowm  as  a  magnetic  circuit. 

It  will  also  be  seen  that  the  iron  circuit  has  the  effect  of 
Snaking  the  lines  of  magnetic  force  substantially  uniform 
and  parallel  to  the  axis  which  is  equivalent  to  a  lengthening 
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of  the  coil.  Hence,  even  if  the  actual  length  of  the  coil  is 
not  large  compared  with  its  diameter  the  simplified  ex¬ 
pression  for  H  still  applies.  In  the  case  of  a  complete  ^ 
magnetic  circuit,  as  in  Fig.  166(6)  the  effect  is  the  same 
whether  the  coil  is  wound  round  part  of  the  iron  circuit, 
as  shoun,  or  uniformly  distributed  over  the  whole  of  the 
iron  path.  Hence  the  length  I  is  taken  as  the  mean  length  of 
the  magnetic  path. 


Fio.  166.  Open  and  C’losed  Cores 


We  allov  for  the  increased  magnetic  properties  of  the 
iron  by  incorporating  a  factor  fji,  representing  the  per- 
meability  (which  ve  shall  define  shortly).  Hence  we  can 
write  =  HA^. 

M.M.F.— Reluctance. 

If  we  write  this  expression  in  full  we  have 
^  -  HAfi  =  \-2(oInAnll  MjS 

where  M  =  1*26/%,  and 

H  =  llAfi 

This  expression  is  of  similar  form  to  the  basic  law  for 
electrical  circuits  /  =  EjR,  and  although  the  analogy  is 
not  perfect  it  is  often  convenient  to  regard  the  magnetic 
circuit  as  consisting  of  a  magneto-motive  force  M 
(=  1-26/n)  which  forces  a  flux  ^  through  a  reluctance 

On  the  basis  the  reluctance  is  proportional  to  the  length 
of  the  magnetic  path  and  inversely  proportional  to  the  area 
and  to  the  permeability.  The  greater  we  make  A  ov  p  the 
less  the  reluctance  and  consequently  the  greater  the  flux 
produced,  while  increasing  the  length  of  the  magnetin 
circuit  reduces  the  flux. 
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Hux  Density— Permeability. 

The  field  strength  or  flux  density  is  the  number  of  lines 
of  force  per  unit  area,  so  that  we  can  write 

B^ilA=  HAjLtlA  =  fiH 

This  immediately  defines  fi,  the  permeability,  as  the 
ratio  BjH,  i.e.  the  ratio  of  the  flux  density  uith  iron 
present  to  the  magnetizing  force  H  (which  is  the  flux 
density  with  an  air  core). 

Iron  is  not  the  only  magnetic  material.  Certain  other 
substances,  such  as  nickel,  cobalt,  chromium  and  man¬ 
ganese,  have  permeabilities  greater  than  unity  and  are  said 
to  be  paramagnetic.  Only  nickel,  however,  exhibits  the 
effect  to  a  marked  extent  and  even  so  is  much  inferior  to 
iron  for  which  fi  may  be  several  thousand.  The  chief  value 
of  the  paramagnetic  substances  is  in  the  production  of 
alloys  with  iron,  some  of  which  are  very  highly  permeable 
(e.g.  mumetal,  an  alloy  of  nickel  and  iron  which  can  have 
a  permeability  exceeding  10  000). 

Certain  other  substances,  such  as  antimony  and  bismuth, 
exhibit  less  permeability  than  air  and  are  said  to  be 
diamagnetic.  The  difference  from  unity,  however,  is  small 
and  in  general  substances  which  are  not  magnetic,  including 
all  insulators,  may  be  taken  as  having  a  permeability  of 
unity. 

B-H  Curves— Saturation, 

The  permeability  of  iron  and  magnetic  materials  generally 
is  not  constant  but  varies  with  the  value  of  B.  which  in 
turn  depends  on  H .  One  thus  needs  to  know  the  conditions 
under  which  the  iron  is  working,  and,  to  some  extent,  its 
past  history. 

Fig.  167  shows  the  magnetization  or  B — H  curve  for 
soft  iron,  and  also  the  variation  of  p  with  II.  It  w  ill  be  seen 
that  the  value  of  B  rist\s  rapidly  at  first  and  then  much 
more  slow^ly.  This  subsequent  falling  oft*  is  known  as 
saturation.*  It  will  be  seen  that  //  rises  to  a  maximum  and 

*  Magnetism  may  bo  oonsidored  as  the  result  of  an  orientation 
of  the  orbits  of  tlie  oleotrons  in  the  atoms  each  of  which  forms  a  small 
electro  magnet.  Normally  the  distribution  is  random  and  only  a 
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then  falls  off*  ra})idly.  We  shall  see  later  that  the  effective 
value  of  /<  is  much  below  the  static  value  of  several  thousand 
shown. 

Fig.  168  shows  similar  B — TI  curve  for  other  materials. 

Hysteresis. 

A  further  peculiarity  is  that  after  iron  has  been  mag¬ 
netized,  the  removal  of  the  magnetizing  force  does  not 


result  in  complete  disappearance  of  the  magnetism.  Even 
if  the  magnetizing  force  is  only  reduced  slightly  the 
magnetism  will  be  greater  than  it  was  for  the  same  value 
of  11  previously.  If  the  magnetizing  force  is  taken  over  a 
cycle  from  a  given  positive  value  to  a  similar  negative 
value  and  back  again,  the  value  of  B  will  follow  a  curious 
path  as  shown  in  Fig.  169.  This  is  called  hysteresis  and 
plays  an  important  part  in  the  design  of  iron  circuits. 


small  magnetu*  effcc-t  results,  known  as  residual  magnetism  or 
rernanencc.  The  magnetizing  force  H  causes  the  orbits  to  align 
themselves  so  that  their  magnetic  effects  all  tend  in  the  same 
direction.  At  first  this  action  is  rapid,  hut  after  the  majority  of  tho 
orbits  have  been  correctly  aligned,  increase  in  H  produces  little 
effect  and  in  the  limit  tho  only  increase  productsl  will  b(5  that  due 
to  the  magnetizing  force  itself.  The  material  would  then  be  fully 
saturated.  Such  a  condition  is  rarely  attained  in  yiractice,  but  it  is 
easy  to  reach  a  condition  where  doubling  the  value  of  H  only  pro¬ 
duces  a  5  per  cent  increase  in  B. 


TRANSFORMER  AND  CHOKE  DESIGN 


285 


In  a  transformer  where  we  apply  repeated  cycles  of  a.c. 
to  the  coil  the  iron  is  taken  through  this  cycle  many  times  a 


Fi«.  168.  B — H  Cithves  for  Varioi^s  Materials 


second.  It  will  be  clear  that  the  effect  of  hysteresis  is  that 
some  of  the  energy  originally  applied  to  the  iron  is  stored  in 


Fig.  169.  Typical  Hysteresis  Loops  for  {a)  Soft  Iron 
AND  (6)  Magnet  Steel 


the  molecular  structure  and  before  we  can  magnetize  the 
iron  in  the  opposite  direction  we  must  dissipate  this 
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energy.  There  is  thus  a  loss  of  energy  every  cycle,  which  is 
known  as  the  hysteresis  loss. 

It  is  proportional  to  the  maximum  flux  density  to  wliich 
the  iron  is  magnetized,  rather  more  than  in  direct  propor¬ 
tion  but  not  as  much  as  to  the  square  of  B^axy  while 
it  is  also  directly  proportional  to  the  number  of  cycles  per 
second.  The  loss  is,  in  fact,  of  the  form  W  — 
where  k  is  a  constant  depending  on  the  material.  It  is 
found  that  the  loss  is  reduced  by  incorporating  from  one  to 
four  per  cent  of  silicon  in  the  iron  and  such  material, 
known  by  various  trade  names  such  as  Stalloy,  Silcor,  etc., 
is  universally  used  for  transformers  and  chokes 

It  is  put  up  in  the  form  of  thin  sheets  as  explained  later 
under  the  heading  of  Iron  Loss. 

Bemanence. 

The  amount  of  magnetism  still  left  when  the  magnetizing 
force  is  removed  is  known  as  the  remarience,  while  the 
magnetising  force  necessary  to  reduce  this  to  zero  is  called 
the  coercive  force.  For  transformer  core  material  both  these 
should  be  as  low  as  possible.  Occasions  arise,  however, 
where  ve  require  a  high  remanence.  Carbon  steel,  for 
example,  has  a  high  remanence  and  if  magnetized  retains  a 
high  proportion  of  the  energy  and  becomes  a  pernmnent 
magnet.  Special  alloys  such  as  cobalt  steel  have  been 
devised  for  such  purposes  which  have  a  very  high  remanence. 
They  require  a  similarly  large  coercive  force  and  thus 
possess  a  very  broad  hyvsteresis  loop,  which  is  another  way 
of  saying  that  they  retain  a  high  proportion  of  the  energy 
expended  on  them  in  establishing  the  field  in  the  first  place. 

Power  Transformers. 

After  this  brief  discussion  of  the  magnetic  circuit,  let  us 
now  consider  the  design  of  a  power  transformer  which  is  to 
receive  its  supply  from  the  a.c.  mains  and  deliver  a  secondary 
voltage  which  will  normally  be  higher  or  lower  than  the 
input  voltage  (although  sometimes  1  :  1  ratio  transformers 
are  used  to  isolate  equipment  from  the  mains).  The 
alternating  current  flowing  through  the  primary  winding 
will  produce  an  alternating  magnetic  flux.  This  flux 
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linking  with  the  turns  of  the  secondary  winding  will  induce 
e.m.f.’s  therein  proportional  to  the  rate  of  change  of  flux 
and  the  number  of  turns  in  the  winding.  If  the  flux  is 
varying  sinusoidally  the  secondary  voltage  will  also  be 
sinusoidal  so  that  as  long  as  we  ensure  that  the  flux  wave 
is  not  distorted  the  transformer  will  deliver  a  sine  wave 
output  on  its  secoiidary. 

It  is  convenient  to  work  from  this  assumption  of  an 
alternating  flux  as  a  starting  point.  This  flux  will,  of  course, 
induce  voltages  in  both  primary  and  secondary  windings. 
Therefore,  in  the  first  place  if  we  are  to  maintain  the  flux 
we  must  apply  across  the  primary  a  voltage  equal  and 
opposite  to  the  back  e.m.f.  induced  in  the  primary.  As  long 
as  we  continue  to  do  this  the  flux  wave  will  be  maintained 
and  this  flux  linking  with  the  secondary  will  induce  a 
voltage  proportional  to  the  rate  of  change  of  flux. 

Let  sin  ot  be  the  flux,  where  is  the  peak  flux. 

Primary  back  e.m.f.  =  =  n-^d^ldt  =  —  n^<f>p(o  cos  cot 

Secondary  e.m.f.  =r  —  —  n2if>pOJ  cos  a)t. 

Thus  the  ratio  of  the  e.m.f.s  on  the  primary  and  secondary 
windings  is  equal  to  the  turns  ratio. 

In  practice  we  design  the  transformer  so  that  is  equal 
to  the  applied  voltage  tK  Now  depends  on  the  turns, 
the  frequency  of  sup])1y /{=  (jdI'Ztt)  and  the  flux.  If  the 
first  two  factors  are  fixed  the  flux  will  adjust  itself  until 

==  V.  We  know  that 

Hence  we  can  write  =  BpAn^o)  cos  cot. 

Hence  the  r.m.s.  primary  e.m.f.  E-i  =  BpAn^(ol'\/2. 

If  we  express  all  the  quantities  in  the  usual  units  (volts, 
amps.,  etc.)  we  have  to  introduce  a  correcting  factor  of 
10"*®.  Allowing  for  this,  and  WTiting  Zir/y/Z  in  figures,  we 
have 

El  ^  4*44B2Ani£  x  10“®  volts. 

This  is  the  fundamental  expression  used  in  transformer 
design.  We^  choose  a  suitable  value  of  Bp,  usually  around 
10  000,  and  then  adjust  the  area  of  core  A  and  the  number 
of  turns  rii  to  make  equal  to  the  input  voltage  required 
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(e.g.  230).  The  secondary  turns  then  —  subject 

to  a  correction  for  internal  voltage  drop  as  explained  later. 

Effect  of  Secondary  Load. 

What  happens  if  we  connect  a  load  across  the  secondary  ? 
We  know,  from  Lenz’s  law,  that  the  e.m.f.’s  of  self  and 
mutual  induction  are  in  such  a  direction  as  to  oppose  the 
change  of  flux  which  generates  them.  Hence  if  we  connect  a 
load  across  the  secondary  a  current  will  flow  —  EJZ^  which 
will  be  in  such  a  direction  as  to  reduce  the  flux  in  the  core. 

But  once  this  happens,  the  primary  e.m.f.  E^  is  no  longer 
equal  to  F  and  hence  more  current  will  flow  in  the  primary 
until  the  flux  is  restored  to  its  original  value.  It  is  not 
difficult  to  see  that  the  relative  demagnetizing  effect  of  the 
secondary  will  be  proportional  to  the  number  of  secondary 
turns.  Jf  7I2  ~  %  Ihe  current  necessary  in  the  primary  to 
restore  the  flux  is  the  same  as  the  secondary  current. 
If  ^2  is  greater  than  then  the  primary  current  must  be 
proportionately  larger  and  vice  versa,  so  that  /1//2  i® 
inversely  proportional  to  the  turns  ratio. 

This  also  follows  from  consideration  of  the  power  in  the 
circuit  since  E^!^  must  equal  /1/2/2  neglecting  losses.  But 
£'2  =-  n.^EJnj,  whence 

/2W2/W3 

Magnetizing  Current. 

There  must  be  some  primary  current ,  even  when  there  is 
no  load  on  the  secondary,  in  order  to  maintain  the  flux. 
This  initial  current  is  termed  the  no-load  or  magnetizing 
current.  It  is  nearly  90°  out  of  phas(^  with  the  primary 
voltage  because  thf"  primary  is  almost  wholly  inductive. 
There  is  a  small  resistive  component  due  to  the  winding 
resistance  and  the  losses  in  the  iron,  as  we  shall  see  later, 
but  in  general  this  is  small. 

The  primary  load  current,  however,  is  usually  in  phase 
with  the  voltage.  Actually,  it  is  of  similar  phase  to  the 
secondary  current  and  if  a  complete  analysis  is  required 
vector  diagrams  should  be  drawn  from  which  the  primary 
current  can  be  determined  as  the  sum  of  the  magnetizing 
current  and  the  load  current.  Simplified  vector  diagrams, 
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neglecting  losses,  are  shown  in  Fig.  170  for  resistive, 
inductive  and  capacitive  secondary  loads.  The  primary 
voltages  and  load  currents  are  in  opposition  to  the  secondary 
quantities  in  each  case. 


€2  ^2  62  ^2 

No  Load  Resistive  Inductive  Capacitive 

Load  Load  Load 

Fig.  170.  Typical  Transfobmeti  Vector  Diagrams 

An  example  of  a  capacitive  load  ivS  found  in  a  shunt 
condenser  rectifier  circuit  while  inductive  loading  is 
experienced  with  choke-input  rectifiers.  A  heater  supply 
would  be  mainly  resistive. 

Equivalent  Circuit  of  Transformer. 

We  see,  therefore,  that  the  connection  of  a  load  across 
the  secondary  of  a  transformer  results  in  a  secondary 
current  which  is  reflected  into  the  primary,  the  ratio  of  the 
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currents  being  in  the  inverse  ratio  of  the  number  of  turns. 
This  relation  is  only  part  of  the  story,  however,  because  as 
soon  as  we  begin  to  draw  a  current 
from  the  transformer  the  internal 


impedance  of  the  device  begins  to  take 
effect  and  we  find  that  the  output  volt¬ 
age  is  no  longer  in  simple  turns  relation 
to  the  input  voltage.  Fig.  171  illustrates 
the  equivalent  circuit  of  a  transformer. 
p5  We  commence  wath  the  voltage  F, 
I  which  is  the  input  voltage.  The 
g  primary  v  inding,  however,  has  a  certain 
»  resistance  so  that  the  voltage  actually 
3  applied  a(*ross  the  transformer  is  V  — 
& 

g  The  secondary  e.m.f.  will  be  == 
H  ( F  —  and  the  secondary  out- 

S  put  voltage  will  be  less  than  this 
g  amount  because  of  the  voltage  drop  on 
^  the  secondary  resistance,  so  that  = 
“  JzEo-  it  will  be  seen,  therefore, 
that  the  turns  ratio  must  be  calculated 
t  on  the  internal  e.m.f.’s  and  is  actually 
%  appreciably  greater  than  V2I F^  to  allow 
^  for  the  internal  voltage  drop. 

;;:f  It  is  often  convenient  to  refer  all  the 
^  quantities  to  one  winding.  In  the  second 
g  diagram  of  Fig.  171  we  have  assumed 
^  all  the  resistance  concentrated  in  the 
secondary  side  and  also  included  an 
equivalent  leakage  inductance  (see  page 
291).  The  equivalent  values  are 
obtained  by  usual  laws  of  coupled 
circuits  (see  Chapter  IX).  Thus, 

E2  —-B2  + 

k'  =-h  + 


With  this  arrangement  Fj  =  E^ 


but  F2  ==  E2  —  ^2(^2'  )* 


For  a  more  accurate  expression  see  page  294. 
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Regulation. 

Because  of  these  internal  voltage  drops,  which  are  clearly 
dependent  upon  the  current  flowing,  the  voltage  output 
from  the  secondary  of  the  transformer  is  not  constant  but 
falls  steadily  as  the  load  increases.  The  fall  in  voltage  from 
no  load  to  full  load  expressed  as  a  fraction  of  the  full-load 
voltage,  is  known  as  the  regulation  of  the  transformer. 
This  figure  varies  with  the  size  and  quality  of  the  trans¬ 
former.  A  small  radio  set  transformer  may  have  a 
regulation  of  15  to  20  per  cent.  As  the  size  of  transformer 
increases  and  the  quality  becomes  better  the  regulation 
faUs  to  something  like  5  per  cent,  while  with  a  large  trans¬ 
former  the  figure  may  be  still  less. 

It  is  obviously  desirable  to  keep  the  regulation  good 
because  the  resistance  of  the  v^indings  not  only  causes  a 
voltage  drop  but  actually  occasions  heat  losses  which  are 
wasteful.  If  the  transformer  is  a  small  one  it  may  be  that 
these  losses  can  bd  tolerated  but  as  the  transformer  increases 
in  size  it  is  obviously  necessary  to  restrict  the  losses  as 
otherwise  the  heat  generated  becomes  considerable. 

Leakage  Inductance. 

The  resistance  in  the  winding  is  not  the  only  source  of 
voltage  drop.  We  have  seen  that  the  object  of  winding  the 
coils  on  an  iron  core  is  to  arrange  that  all  the  flux  produced 
by  the  primary  shall  link  with  the  secondary  and  vice  versa. 
This  object  is  not  completely  maintained  and  a  certain 
amount  of  the  flux  on  the  primary  does  not  link  with  the 
secondary,  and  the  same  applies  to  the  secondary. 

This  is  known  as  the  leakage  flux  and  the  effect  will  be  t6 
introduce  additional  e.m.f.’s  into  the  circuit.  In  the 
primary,  for  example,  in  addition  to  the  main  e.m.f. 
generated  by  the  main  flux  cutting  the  turns  there  will  be  a 
subsidiary  e.m.f.  due  to  the  leakage  flux.  The  same  applies 
to  the  secondary  and  the  simplest  w  ay  of  representing  this 
effect  is  to  introduce  into  the  equivalent  circuit  a  small 
inductance  as  shown  in  Fig.  171.  Strictly  speaking  the 
leakage  flux  should  be  introduced  in  series  with  both  primary 
and  secondary  but  it  is  usually  adequate  to  represent  the 


292 


RADIO  COMMUNICATION 


whole  leakage  flux  by  a  leakage  inductance  in  series  with 
either  the  primary  or  the  secondary  only  (usually  the  latter). 

The  amount  of  the  leakage  flux  depends  on  the  con¬ 
struction  of  the  transformer.  Fig.  172(Gf)  shows  a  type  of 
transformer  which  is  bad.  Here  the  primary  winding  is 
placed  on  one  Hmb  of  the  core  and  the  secondary  winding 
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Fio.  172.  C^oiin  and  Shell  T\pls  of  Tkansfokmer 


is  placed  on  the  other.  It  is  clear  that  there  must  be  quite 
a  lot  of  flux  linking  the  primary  which  does  not  link  the 
secondary. 

We  can  improve  matters  by  splitting  the  winding  and 
putting  half  the  primary  on  each  limb  of  the  core  and 
winding  half  the  secondary  over  each  section  of  the  primary. 
The  sections  may  be  in  series  or  parallel  as  required.  Thus, 
for  a  high-voltage  transformer  we  might  connect  the 
primaries  in  parallel  and  the  secondaries  in  series.  Which¬ 
ever  connection  is  used  we  must  ensure  that  the  directions 
are  correct  so  that  the  current  at  any  instant  is  such  as  to 
produce  a  magnetic  field  which  is  in  the  same  direction 
around  the  core. 

This  type  of  transformer  is  used  for  medium  and  high 
powers  and  is  known  as  a  core-type  transformer.  For  small 
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powers  the  arrangement  of  Figs.  172  (c)  and  (d)  is  more 
usual.  Here  a  three-limb  core  is  adopted,  and  since  the 
flux  has  two  alternative  paths  it  is  clear  that  the  outer 
limbs,  as  well  as  the  top  and  bottom  limbs,  need  only  be 
half  the  thickness  of  the  centre  limb. 

This  type  of  cjiistruction,  known  as  the  shell  type,  has 
the  advantage  that  only  one  set  of  u  indings  is  needed,  the 
secondary  being  wound  over  the  primary  as '  shown  in 
Fig.  172(d).  Both  these  arrangements  provide  greatly 
reduced  leakage  inductance  but  if  still  lower  leakage  is 
required  (as,  for  example,  when  feeding  a  choke-input 
rectifier  w^hieh  is  required  to  give  substantially  constant 
output)  still  further  precautions  are  required  and  it  is 
necessary  to  interleave  the  windings  in  the  manner  shown  in 
Fig.  172(c).  This  interleaving  or  sandwiching  process 
clearly  minimises  the  possibilities  of  stray  flux  being  able  to 
link  with  the  primary  or  secondary  only  and  thus  reduces 
the  leakage  inductance. 

Leakage  inductance  is  difficult  to  calculate  and  in 
most  design  wwk  practical  experience  is  taken  as  a  guide. 
For  a  system  using  concentric  windings,  however,  as  in 
Figs.  172(6)  and  (d),  the  equivalent  leakage  inductance 
(assumed  to  be  all  transferred  to  the  secondary  as  in  Fig, 
171)  is  given,  to  a  fair  approximation  by 

I  ~  0-0126  X  ^d  -f  — "  —  ^  microhenries 

where  n  is  the  secondary  turns, 

T  is  the  mean  turn  for  the  whole  of  the  copper 
which  is  as  shown  on  Fig.  173  if  the  winding  fills 
the  ‘‘  window  ”  space,  as  it  should  do  if  the  leakage 
is  to  be  small.  If  not,  for  B  write  ^1  +  ^2  + 
lyj  is  the  length  of  the  shortest  winding, 

and  <2  are  the  radial  thicknesses  of  the  primary 
and  secondary  coils,  and 
d  is  the  distance  betw'^een  the  windings. 

These  parameters  are  illustrated  in  Fig.  173.  All 
dimensions  are  in  cm. 

It  should  be  remembered  that  any  reactive  voltage  drop 
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is  in  quadrature  with  the  resistive  drop  so  that  the  total 
drop  is  Iz  =  I (E  j col).  This  voltage  drop  is  itself  out  of 

phase  with  V  by  an  amount  depending  on  the  phase  angle 
of  the  current  1,  as  well  as  the  ratio  col/E,  Hence,  it  is 
more  accurate  to  write  the  voltage  drop  in  thS  form 
IE  cos  (f)  +  Iho  sin  cf) 

where  is  the  phase  difference  between  the  voltage  and  the 
current.  E  is  the  total  equivalent  secondary  resistance 
=  1^2 


Mean  Turn-T 
^2[2B^A  +  C] 
where  C  is 
the  Thickness 
of  the  Core 
Stack 


Ftg.  173.  Dimensions  used  in  Leakage  Formi  la. 


Transformer  Losses. 

A  practical  transformer  does  not  transfer  all  the  primary 
energy  to  the  secondary,  some  energy  being  lost  in  the 
process.  The  losses  are  of  two  main  forms. 

Copper  Loss,  The  resistance  of  the  windings  causes 
heating,  the  loss  due  to  this  being 

Iron  Loss,  In  addition,  we  have  the  loss  in  the  iron  core 
due  to  the,  varying  magnetization.  The  effect  of  hysteresis 
has  already  been  considered  while  there  is  a  further  loss 
due  to  the  circulating  eddy  currents  set  up  in  the  iron  which 
clearly  behaVes  as  a  short-circuited  secondary. 

This  eddy  current  loss  is  quite  serious  if  a  solid  core  is 
used.  In  a  practical  transformer,  therefore,  the  core  is 
built  up  of  thin  sheets  or  strips,  insulated  from  each  other 
by  a  thin  facing  of  paper  or  paint  on  one  side.  For  small 
transformers  the  laminaticms  are  stamped  out  in  the  form 
of  T  and  U  pieces  or  sometimes  E  and  I  pieces  as  shown  in 
Fig.  174.  They  are  assembled  with  the  joints  alternately 
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at  each  end  so  that  the  effect  of  a  substantially  solid  core  is 
obtained,  but  built  up  of  insulated  thin  laminae  so  that  any 
eddy  currents  induced  can  only  flow  in  restricted  paths. 
In  addition,  the  sheets  are  made  of  silicon  steel  which  not 
only  reduces  hysteresis  but  has  a  high  electrical  resistance 
so  that  the  edd;y  currents  are  still  further  reduced. 

Eddy  current  loss  is  proportional  to  B^P  and  thus 
becomes  increasingly  important  as  the  frequency  is  raised. 


Fig.  174.  Typical  Forms  of  Lamination 

It  is  also  dependent  on  the  thickness  of  the  sheet.  The 
usual  thickness  for  50  c/s  is  0*014  inches,  though  sometimes 
0*020  inches  is  used.  For  higher  frequencies  or  special 
circumstances  requiring  an  unusually  high  value  of 
the  stampings  may  be  0*007  or  even  0*005  inches  in  thickness. 

The  cost  is  greatly  increased  for  more  stampings  are 
required  for  a  given  area  of  core,  while  the  material  itself  is 
more  expensive  and  the  stamping  of  the  laminations  is 
more  costly  owing  to  the  higher  precision  required  in  the 
tools.  Otherwise  burrs  are  formed  at  the  edges  and  these 
pierce  the  insulation  when  the  laminations  are  stacked 
together,  so  defeating  the  object  of  the  use  of  thin  sheets. 
Even  with  normal  sheets  the  presence  of  burrs  is  to  be 
avoided. 

The  steel  manufacturers  market  material  under  various 
trade  names  in  which  the  hysteresis  and  eddy  current  losses 
are  of  the  same  order  at  normal  frequencies.  The  total  iron 
loss  for  typical  material  is  shown  in  Fig.  175. 

There  is  also  a  small  eddy  current  loss  due  to  circulating 
currents^  in  the  clamps  used  to  hold  the  whole  structure 
together  but  this  is  usually  negligible  in  small  transformers. 
If  there  is  reason  to  believe  that  it  is  of  importance  insulated 
joints  must  be  provided  where  the  bolts  come  through  the 
clamps  and  similar  precautions  taken  wherever  practicable 
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to  reduce  the  number  of  complete  conducting  paths  which 
might  permit  eddy  currents. 

The  most  efficient  design  is  one  in  which  the  iron  loss 
and  copper  loss  are  equal  but  this  may  not  be  the  most 
economical  design.  Iron  is  cheaper  than  copper  and  it  may 
pay,  say,  to  increase  the  area  of  the  core  50  per  cent,  with 
similar  increase  in  iron  loss.  This  would  permit  the  number 
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Fig.  175.  Total  Iron  Loss  for  Typical  Trans 
FORMKR  Sheet 

of  turns  to  be  reduced  with  saving  of  copper.  In  such  an 
instance  the  copper  loss  might  be  only  half  the  iron  loss. 

The  iron  loss  is  present  all  the  time,  being  a  direct 
result  of  the  magnetization  of  the  iron  which  does  not 
change  with  load.  It  may  thus  be  measured  by  finding  the 
power  taken  by  the  transformer  on  no  load.  (This  is  not 
F/Jq,  because  /q,  the  magnetizing  current,  is  nearly  90° 
out  of  phase.)  If  it  is  desired  to  separate  hysteresis  and 
eddy  current  losses  this  test  must  be  repeated  at  two 
different  frequencies.* 

*  The  measured  loss  is  then  W  ~  k^f  -f  k^P.  If  this  is  found 
for  two  values  of  /  two  equations  aie  obtained  which  can  be  solved 
for  k^  and  k^.  It  is  important  that  shall  be  the  same  throughout 
so  that  the  applied  voltage  must  be  profiortional  to  frequency. 
Hence  if  we  use/i  =  25  and/g  =  50,  must  be  twice  as  great  m  the 
50  c/s  test. 
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The  copper  loss  varies  with  P  and  is  taken  at  full  load. 
One  method  is  to  short  circuit  the  secondary  and  to  apply  a 
reduced  voltage  to  the  primary  of  such  a  value  that  the 
secondary  current  is  the  required  value.  The  power  taken 
by  the  transformer  in  this  condition  is  the  copper  loss 
because  Fj  will  bj  so  small  that  and  hence  the  iron 
loss,  will  be  negligible. 

These  tests  require  a  wattmeter,  which  may  not  be 
available.  The  losses,  however,  may  be  estimated  with 
reasonable  accuracy  but  calculation,  basing  the  iron  loss  on 
the  curve  of  Fig.  175  or  some  similar  curve  and  calculating 
the  copper  loss  from  the  resistance  of  the  windings  either 
estimated  or  measured. 

The  efficiency  of  a  transformer  is  the  ratio  of  output 
watts/input  watts.  For  small  transformers  it  is  around 
80  to  90  per  cent,  rising  to  95  per  cent  for  medium  trans¬ 
formers  and  99  j)er  cent  or  even  higher  for  very  large 
transformers.  In  many  cases,  in  radio  practice,  the  efficiency 
as  such  is  not  as  important  as  ensuring  that  the  losses 
shall  not  cause  undue  temperature  rise.  As  a  good  prac¬ 
tical  rule  it  may  be  taken  that  a  transformer  can  safely 
dissipate  I  watt  per  square  inch  of  its  surface.  Thus  a 
transformer  having  dimensions  of  6  x  5  X  4  inches  would 
have  a  surface  arc'a  of  148  sq.  in.,  and  thus  could  safely 
dissipate  about  50  watts.  Hence  it  could  be  used  to  handle 
a  power  of  about  500  watts  with  an  efficiency  of  90  per  cent, 
since  500/0*9  -=  555,  equivalent  to  55  watts  loss. 

Practical  Design. 

These  various  factors  in  transformer  design  can  best  be 
co-related  by  considering  a  practical  exami)le.  Let  us  take 
the  case  of  the  transformer  for  the  1250  volt  d.c.  supply 
discussed  in  the  last  chapter.  The  transformer  was  there 
shown  to  be  required  to  deliver  1515  volts  at  0*25/\/2 
==  0*177  A.  This  is  per  limb,  so  that  the  secondary  power 
is  3030  X  *177  -=536  watts. 

The  sizebf  the  core  is  determined  by  the  watts  loss  to  be 
dissipated.  The  transformer  steel  makers  supply  stampings 
of  various  sizes  and  the  transformer  designer  knows  from 
experience  which  size  of  stamping  is  suitable  for  a  given 
wattage  (or^more  accurately  volt-ampere)  rating.  We  have 
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just  seen  that  a  transformer  measuring  6x5x4  inches 
would  be  suitable  for  about  500  watts  and  we  should,  in 
practice,  choose  a  stamping  similar  to  that  shown  in  Fig. 
176,  with  a  core  thickness  of  2|  in. 

The  core  area  would  be  0*9(1  *5  X  2*5)6*45  ==  22  sq.  cm. 
(The  factor  0*9  is  to  allow  for  the  insulation  in  the  stampings 
which  reduces  the  effective  area  of  iron.)  If  we  choose 


I  Jo-75*  I 


Fig.  170.  Stamping  used  in  Worked  Example 


Bj,  =  11,000  lines/sq.  cm.  we  can  calculate  our  turns  accord¬ 
ingly.*  If  our  primary  voltage  is  to  be  230  we  have  230  = 
4*44  X  50  X  11,000  X  22  X  X  10  ®,  whence  n-^—  429. 
The  secondary  turns  will  be  429  X  3030/230  =  5620. 

Now  the  total  window  area  is  1*625  X  3*75  —  6*1  sq.  in. 
But  of  this  about  ^  in.  will  be  occupied  by  the  former  on 
which  the  coil  is  wound,  while  we  must  allow  a  similar 
clearance  between  the  outside  of  the  winding  and  the  outer 
limbs.  The  winding  length  will  be  similarly  reduced  for 
there  will  be  the  cheeks  of  the  bobbin  while,  in  addition,  we 
shall  not  wind  right  to  the  edge  of  the  bobbin.  It  is  best  to 
allow  J  in.  at  each  end,  so  that  our  effective  winding  area 
becomes  1*375  x  2*25  =  4*46  sq  in.  We  will  assume  half 
this  to  be  occupied  by  each  winding. 

*  A  typical  value  giving  roughly  equal  iron  and  copper  losses  as 
shown  on  page  300. 


TRANSFOBMER  AND  CHOKE  DESIGN 


299 


The  method  of  winding  is  usually  to  wind  the  turns  in 
layers  and  to  interleave  a  thin  layer  of  paper  between  0-002 
and  0-005  in.  in  thickness  between  each  layer  to  preserve  a 
uniform  winding.  For  thin  wires  a  0-002  in.  interleave  is 
ample.  As  a  first  approximation,  assume  90  per  cent  of  the 
winding  area  to  be  available  for  the  wire.  Then  we  have  to 
get  5620  turns  into  0-9  x  2-23  sq  in.  With  the  method 
of  winding  proposed  each  wire  will  occupv  a  space  ==  so 
that  d  =  V(0*9  X  2-23/5620)  =  0  0193.in. 

This  is  the  diameter  of  the  wire  including  its  own 
insulation  (silk,  enamel,  etc.).  27  S.W.G.  enamel  covered 
will  meet  this  requirement  and  since  this  wire  at  1  000 
amps./sq.  in.  will  carry  0*21  amps,  it  is  adequate  for  our 
purpose. 

Now  the  mean  turn  (for  the  whole  of  the  winding  space) 
is  14*5  inches  (strictly  we  should  evaluate  the  mean  turn 
for  the  primary  and  secondary  separately  but  the  error  in 
taking  an  average  mean  turn  for  both  is  small).  The  total 
length  of  wire  is  thus  14-5  X  5620/36  ~  2260  yds.,  and  from 
wire  tables  we  find  that  such  a  length  of  27  S.W.G.  wire 
will  have  a  resistance  of  257  ohms. 

Since  our  current  is  01 77  amps.,  our  voltage  drop  will  be 
45-5  so  that  must  be  3075-5.  Now  let  us  assume  that  the 
primary  copper  loss  is  the  same  as  the  secondary  loss, 
i.e. 

Then  —  R.J^jl^  =  R^n^jn^  =  1-5  ohms. 

The  primary  current  is  0-177  x  5620/429  —  2-32  amps, 
so  that  the  primary  volt  drop  —  3-5  volts.  Hence  230 
-  3-5  =  226-5. 

We  can  now  correct  our  turns  ratio,  which  should  be 
3075-5/226-5  =  13-59,  so  that  if  we  leave  =  5620, 
n-^  becomes  414.  Applying  the  same  methods  as  before  we 
find  that  this  requires  d  =  0-069,  which  corresponds  to 
16  S.W.G.  either  enamelled  or  d.s.c.  Taking  the  same 
mean  turn  as  before  the  length  of  wire  —  414  x  14-5/36 
=  167  j^ds.  which  would  have  a  resistance  of  1-3  ohms,  thus 
confirming  the  assumption  above. 

It  is  desirable  now  to  check  that  the  number  of  turns 
chosen  will,  in  fact,  go  into  the  space.  Thus  our  winding 
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length  we  have  assumed  to  be  3*25  in. ;  16  S.W.G.  d.s.c, 
wire  winds  14*5  turns  to  the  inch  so  that  in  each  layer  we 
shall  obtain  47  turns;  414  turns  thus  require  9  layers, 
which  occupies  0*62  in.  Adding  8  interleaving  layers  of 
3  mil.  paper  brings  this  to  0*65  ins.  We  have  1*375/2  =  0*69 
in.  available.  A  check  on  the  secondary  shows  a  similar 
margin  so  that  the  design  is  just  correct,  remembering  that 
there  will  need  to  be  at  least  0*01  in.  of  high-grade 
insulation  bet\veen  the  windings  because  of  the  high 
secondary  voltage. 

The  secondary  resistance  is  257  ohms,  while  the  reflected 
primary  resistance  is,  hy  design,  of  the  same  order.  Hence 
the  copper  loss  is  514  x  0*1 77^  =  16*1  watts,  while  the 
iron  loss  is  9*8  watts  (taking  the  volume  in  c.c.  and  using 
Fig.  175)  totalling  25*9  watts.  Thus  the  efficiency  is 
536/562  ~  95*3  per  cent. 

As  a  further  exercise  let  us  calculate  the  leakage  induc¬ 
tance.  T  =-  14*5  K  2*54  --  36*8  cm.  -  U -=  0*65  X  2*54 
=  1*65  cm.  /^,  -  3*25  x  2*54  -  8*25  cm  Now  we  are 
using  the  transformer  in  a  full- wave  circuit  so  that  only 
half  the  secondary  is  in  use  at  any  instant.  But  the  outer 
half  of  the  secondary  is  separated  from  the  primary  by  the 
distance  occupied  by  the  inner  secondary. 

We  can  either  estijnate  the  leakage  for  the  whole  winding 
and  take  one  quarter  of  this  or  assume  d  —  fJ2  and  only 
consider  half  the  turns.  In  the  first  case  d  —  O-Ol  plus 
half  the  radius  of  the  wire — say  ()*()6  in  --()*15  cm.  total. 
The  formula  on  ])age  293  then  gives  2*9  H.,  or  0*71  H. 
per  half.  The  alternative  calculation  gives  0*86  H.  Let  us 
take  0*8  H.  as  an  average. 

The  reactance  at  the  ripple  frequency  is  0*8  X  628  -=  502 
ohms.  The  resistance  of  half  the  secondary  is  128*5  ohms 
and  if  w^e  again  allow'  an  equal  amount  for  the  reflected 
primary  resistance  we  have  —  257  ohms.  The  equiva¬ 
lent  secondary  impedance  is  thus  (257  +  j5{)2)  =  563  ohms. 
The  current  is  lagging  by  nearly  90°  so  that,  using  the 
expression  on  page  294  we  obtain  a  volt  drop  of  89  volts — 
a  regulation  of  6*5  per  cent,  which  is  about  twice  what  we 
should  expect  on  the  score  of  resistance  alone.  (As  there 
will  be  a  further  volt  drop  on  the  chokes  the  overall 
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regulation  will  be  nearer  15  per  cent — ^still  quite  a  good 
figure  for  a  d.c.  supply  system,  but  not  as  good  as  can  be 
attained.) 

This  design  has  been  worked  out  in  some  detail  to 
illustrate  the  method.  For  many  small  transformers  the 
winding  resistance  is  relatively  higher,  giving  efficiencies 
between  80  and  90  per  cent,  while  the  leakage  inductance 
calculation  is  only  occasionally  required. 


Audio  Frequency  Transformers. 

The  basic  principles  outlined  so  far  apply  to  other 
types  of  transformer.  There  is  a  tendency  to-day  in  aircraft 
to  generate  much  higher  frequencies  than  50  c/s,  frequencies 
of  500  and  700  c/s  being  common.  The  same  methods  apply 
and  it  will  at  once  be  seen  that  the  size  of  the  transformer 
is  much  reduced  by  such  technique,  while  the  smoothing 
problem  in  any  rectifier  system  is  also  greatly  simplified 
owing  to  the  much  higher  ripple  frequencies. 

The  iron  loss  is  considerably  heavier  and  the  stampings 
are  made  thinner  in  consequence,  though  with  care  even  the 
0*014  in.  stampings  can  be  used  if  some  increase  in  iron 
loss  is  i3ermitted. 

For  audio  frequency  work  the  same  principles  should  be 
used.  Often  it  is  possible  to  work  with  lower  values  of  Bj, 
in  inter  valve  and  output  transformers.  Leakage  inductance 
is  of  great  importance  as  the  frequency  rises  and  inter¬ 
leaving  of  the  windings  are  practically  essential.  (This 
applies  also  to  500  c/s  power  transformers.) 

Self  capacity  becomes  troublesome  above  5  000  c/s. 
It  is  customary  to  design  the  transformer  so  that  the 
leakage  inductance  resonates  with  the  self  capacity  to 
maintain  the  output  voltage  at  the  upper  frequencies  as 
explained  on  page  118. 

When  using  some  of  the  special  alloys  such  as  mumetal 
the  calculations  become  complex  because  the  permeability 
varies  with  frequency,  while  the  losses  also  obey  a  complex 
law.  ^The  design  of  such  transformers  thus  requu^es  a 
special  technique  which  cannot  be  considered  in  detail 
here. 
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Three-phase  Transformers. 

Three-phase  transformers  may  be  made  up  as  three 
separate  single-phase  transformers  connected  in  star  or 
delta  as  required.  Often,  however,  the  three  phases  are 
accommodated  on  a  special  core  having  three  limbs  of 
eqvAxl  cross  section. 

Such  a  core  is  illustrated  in  Fig.  177.  Let  us  assume  that 
the  red  phase  is  at  its  maximum  voltage.  This  will  produce 
full  flux  in  the  first  limb  and  this  flux  will  complete  its 


R 


Fig.  177.  Three-phase  Poke 


circuit  by  passing  half  through  each  of  the  other  two  limbs. 
The  back  e.m.f.  induced  in  these  limbs,  therefore,  is  half 
the  value  of  the  red  phase  voltage  in  opposition.  It  will  be 
seen  from  the  vector  diagram  that  the  component  of  the 
yellow  phase  in  the  vertical  direction  is  F/2  in  opposition 
and  similarly  for  the  blue  phase  so  that  the  flux  in  the 
second  and  third  limbs  is  exactly  what  is  required  for  the 
conditions  which  are  obtained  and  are  in  conformity  with 
the  fundamental  law  of  three-phase  circuits — ^the  sum  of 
the  flux  in  each  of  the  three  limbs  is  always  zero. 

The  area  of  each  limb  is  therefore  designed  in  accordance 
with  the  same  principles  as  for  a  single -phase  transformer 
and  the  windings  calculated  accordingly. 

It  is  worth  noting  that  this  same  property  is  of  value  in 
a  transformer  which  has  to  supply  a  three-phase  half-wave 
rectifier.  With  any  half-wave  rectifier  the  transformer  has 
to  carry  not  only  the  a.c.  but  also  a  steady  d.c.  current. 
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This  affects  the  core  magnetization  as  explained  earlier, 
but  in  a  three-phase  three-limb  transformer  such  as  this 
the  d.c.  components  cancel  out. 

As  was  explained  in  the  last  chapter  the  primaries  and 
secondaries  may  be  connected  either  in  star  or  delta  accord¬ 
ing  to  requirements.  Any  more  detailed  discussion  of 
three-phase  transformers,  however,  is  beyond  the  scope  of 
this  brief  review  and  the  reader  should  refer  to  standard 
works  such  as  Electrical  Technology,  by  Cotton  (Pitman), 
or  the  J,  db  P,  Transformer  Book  (Johnson  &  Phillips). 

Iron-cored  Inductances. 

We  may  next  turn  to  a  consideration  of  iron-cored 
inductances  or  chokes.  We  have  seen  that  the  flux  in  a 
circuit  is  HA/u,  and  since  inductance  is,  by  definition,  the 
linkage  per  unit  current  then,  neglecting  leakage,  so  that 
the  linkage  is  merely  we  can  write  L  HAnjall. 
Substituting  for  H  afld  incorporating  the  same  factor 
10’®  as  was  used  in  the  transformer  expression  (see  page  287) 
we  have  L  —  \*2^An^ixll  X  10"®  henries. 

Thus  the  inductance  is  proportional  to  the  square  of 
the  turns,  the  area  of  the  core  and  inversely  proportional 
to  the  length  of  the  core.  It  is,  however,  directly  dependent 
on  /i,  which  we  have  seen  to  be  a  very  variable  quantity 
depending  entirely  on  the  degree  of  magnetization.  Thus 
the  inductance  of  a  transformer  primary  is  varying  from 
instant  to  instant  and  it  would  be  difficult  to  give  it  any 
value  that  had  meaning. 

A  choke  is  usually  required  to  carry  a  steady  d.c.  (though 
this  is  not  always  the  case).  It  thus  has  a  steady  magnetiza¬ 
tion  with  a  ripple  superposed.  The  permeability  of  the  iron 
will  vary  with  the  amount  of  steady  magnetization  rather 
in  the  manner  shown  in  Fig.  167  so  that  (except  possibly 
for  very  low  values  of  H)  the  inductance  falls  off  steadily 
as  the  d.c.  increases.  This  effect  is  known  as  saturation  and 
is  illustrated  in  Fig.  178.  Sometimes  this  effect  is  of  use 
(as  in  a  “swinging”  choke  for  use  with  a  choke-input 
rectifier  system)  but  as  a  rule  it  is  preferable  to  avoid 
this  dependence  of  inductance  upon  the  current.  This  is 
the  more  so  since  the  permeability  is  affected  not  only  by 
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the  d.c.  but  also  by  the  a.c.  component,  the  inductance 
tending  to  increase  as  the  ripple  becomes  larger. 

Incremental  Permeability. 

The  effective  permeability,  moreover,  is  not  the  static 
value  for  the  particular  value  of  H.  Tt  is  found  that  if  an 
a.c.  component  of  H  is  superposed  on  a  steady  value  the 


d.c.  (mA) 

Fig.  17H.  Iltastrating  Variation  of  Inductance 
WITH  D.c.  Current 

iron  goes  through  a  small  hysteresis  loo})  as  shown  in  Fig. 
179,  and  the  effective  permeability  of  the  iron  is  clearly 
dependent  on  the  average  slope  of  this  loop  (the  dotted 
line  in  Fig.  179). 

It  will  be  seen  that  this  incremental  'permeability,  as  it  is 
called,  depends  upon  both  and  In  general 

(i)  fii  decreases  as  increases ; 

(ii)  increases  as  increases. 

The  curves  of  Fig.  180  show  values  of  for  typical  silicon 
steel  sheet.  Similar  figures  are  published  by  the  makers 
for  other  materials  including  the  special  high -permeability 
alloys  such  as  radio  metal  and  mumetal. 

It  may  be  noted,  in  passing,  that  a  similar  effect  occurs 
in  a  transformer  feeding  a  half-wave  rectifier.  The  winding 
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in  such  a  circuit  has  to  carry  a  d.c.  component  as  well  as 
an  a.c.  component  of  large  magnitude  (at  least  equal  to 
the  d.c.  and  often  greater).  Here,  however,  the  a.c. 
component  is  so  large  that  the  principal  effect  is  merely  a 
displacement  of  the  whole  loop  as  shown  in  Fig.  181. 
The  resulting  iron  loss  is  not  greatly  different  from  the 
value  without  d.c.  but  the  flux  wave  is  no  longer  even 
approximately  sinusoidal.  Hence  the  primary  current  is 


Fig.  179.  Illustrating  Incremental  Permeability 

distorted  and  the  secondary  waveform  becomes  peaky  in 
character  and  contains  considerable  second  harmonic 
which  will  result  in  a  greater  ripple  than  that  suggested  by 
the  simplified  calculations  in  (^hapter  XVT. 

Use  of  Air  Gap. 

The  effects  of  varying  permeability  may  be  offset  to  a 
considerable  extent  by  including  in  the  iron  circuit  a  small 
air  gap.  Even  a  small  gap  (of  0  01  to  0  05  in  in  the  average 
choke)  has  a  reluctance  many  times  the  iron  so  that  the 
performJince  is  determined  mainly  by  the  air  gap  which  is 
of  constant  permeability. 

The  flux  is  reduced  because  of  the  increased  reluctance. 
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but  the  permeability  increases  to  an  extent  which  may  more 
than  compensate  for  this,  so  that  the  inductance  with  an 
air  gap  is  often  greater,  for  a  given  d.c.  through  the  winding, 
rhan  with  no  gap. 

Fig.  182  shows  a  magnetic  circuit  having  an  iron  path 
li  and  an  air  gap  1^.  The  reluctances  of  these  paths  are 
IJAfi  and  IJA  respectively.  The  m.m.f.  M  =  (f)S,  so  that 


Fig.  180.  Typical  Values  of  Incremental  Permeability 


Total  MMF=  +  l„)  =  ^^(1,  + 

Now  if  there  is  no  air  gap 


so  that  the  effect  of  the  air  gap  may  be  taken  as  increasing 
the  length  of  the  magnetic  path  by  fAla  (assuming  A  to  be 
the  same,  which  is  usually  valid) . 

It  will  be  clear  that  if  the  number  of  turns  and  the 
current  through  the  coil  remain  unchanged  the  flux  will  be 
reduced  in  the  ratio  +  fda).  If  we  wish  to  maintain 
the  flux  at  its  original  value  the  ampere  turns  must  be 
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correspondingly  increased.  In  the  case  of  a  choke  we  do  not 
wish  to  do  this — ^in  fact,  the  object  of  introducing  the  gap  is 
to  reduce  the  flux — ^but  with  some  air-gap  circuits,  such  as 
the  field  of  a  loud  speaker  “pot,”  we  do  wish  to  maintain 
the  flux,  and  this  method  of  calculation  applies  equally  to 
either  usage. 


Fig.  181.  Displacement  of  Hysteresis  Loop  in 
Single-wave  Rectifier  Transformer 

Optimum  Air  Gap. 

Now  let  the  ratio  =  p.  Then  the  eftective  length  of 
the  magnetic  circuit  is  Zj(l  +  We  can  thus  write  for 

the  inductance  of  our  choke 

T  —  HAnp  _  HAn  pp 

The  first  term  is  constant,  while  the  second  depends  on 
p.  But  as  we  reduce  p  (increasing  air  gap)  p  increases  and 
vice  versa.  In  fact,  over  a  wide  range  of  practical  values 
we  are  not  greatly  in  error  by  assuming  the  product  pp  to 
constsftnt. 

On  this  assumption  we  may  write  p  =  kjp.  The  second 
term  in  the  expression  for  inductance  then  becomes 


308 


RADIO  COMMUNICATION 


1/(2?  +  ^/p).  If  we  plot  this  expression  in  terms  of  p  we 
find  that  it  rises  to  a  maximum  and  then  begins  to  fall  ofiF 
again,  and  we  find  (either  graphically  or  by  calculus)  that 
this  maximum  occurs  when  p  — 

This  is  another  way  of  saying  that  the  reluctances  of  the 
air  and  iron  paths  are  equal  which  the  reader  will  recognize 
as  a  condition  often  found  in  electrical 
practice  (e.g.  maximum  power  when 
internal  and  external  resistances  are 
equal).  The  value  of  p,  of  course,  is 
the  incremental  permeability. 

The  best  results  therefore  are  ob- 
tained  with  a  gaj)  ratio  approximately 
to  //.  With  a  choke  having  ~  20  cm. 
and  //  —  400  this  would  give  a  gap  of 
p  ,  p  ^  400  --  IJla  20//„, 
w^hence  la  =  0*5  mm.  With  such  a  gap  the  inductance, 
for  a  given  would  not  differ  gn^atJy  from  the  value 

at  the  same  without  a  gap.  In  most  cases  it  will  be 

found  to  exceed  the  ungapped  figure  and,  of  (*ourse,  the 
inductance  with  the  gap  is  much  more  constant  despite 
variations  both  of  the  d.c.  and  the  a.c.  ripple  current 
through  the  choke. 

It  is  not  practicable  to  express  this  improvement  in 
simple  terms  because  the  various  factors  are  so  interdej)en- 
dent.  The  simple  result  just  obtained  for  the  optimum 
gap  only  arises  from  the  assumption  that  pp  k  which  is 
by  no  means  rigidly  true.  The  practical  designer,  however, 
is  able  to  make  his  calculations  with  comparative  ease  by 
the  use  of  tables  or  curves  drawn  up  partly  from  more 
extended  theory  and  partly  from  empirical  (lata.  A  very 
good  example  of  this  type  of  information  is  to  be  found  in 
Radio  Data  Charts,  by  R.  T.  Beatty  (Wireless  World), 
which  contains  a  series  of  abacs  including  suitable  trans¬ 
former  and  choke  data. 


APPENDIX 

ENGINEERINO  MATHEMATICS 

Throughout  this  book  every  attempt  has  been  made  to 
exclude  any  but  the  simplest  mathematics.  The  reader 
may,  however,  occasionally  experience  difficulty  in  working 
out  the  details  of  particular  circuits  owing  to  the  evolution 
of  unwieldy  expressions  which  are  difficult  to  solve. 

The  mathematician  can  often  short-circuit  much  of  the 
working  out,  and  this  appendix  deals  with  some  of  the 
simpler  mathematics  which  can  be  used  for  the  purpose. 
Obviously  no  proof  of  the  statements  can  be  given,  nor 
is  it  suggested  that  the  reader  should  memorize  the  ex¬ 
pressions.  A  knowledge  of  the  possible  methods,  however, 
may  prove  helpful. 

Rationalization. 

Electrical  circuit  theory  is  often  simplified  by  the  use 
of  the  j  notation.  As  explained  in  Volume  I,  such  expres¬ 
sions  can  be  treated  algebraically,  but  a  difficulty  arises 
when  fractions  are  obtained  having  j  terms  in  both  numer¬ 
ator  and  denominator.  For  example,  the  expression 
(a  +  jh)l(c  +  jd)  represents  some  “complex’’  quantity,  i.e. 
a  quantity  composed  of  two  vectors  at  right  angles,  but 
it  is  difficult  to  see  the  values  of  the  normal  and  reactive 
components. 

We  therefore  rationalize  the  expression  by  converting 
the  denominator  into  a  term  containing  no  reactive  term. 
If  (c  +  jd)  is  multiplied  by  (c  —  jd)  we  obtain 
=  which  is  of  the  required  form.  We  must,  of 

course,  multiply  the  numerator  by  the  same  amount,  so  that 

a  +jb  _  (a  +jb)  (c  —  jd) 
c  +Jd  ~ 

{ac  —  .  bd)  +  j{l>c  —  ad) 

““  d^ 


309 


310 


RADIO  COMMUNICATION 


ac  bd  ^  ,  be  ^  ad 
=  c*  +  +d®‘ 

We  have  thus  separated  the  two  vectors  as  required. 
This  method  is  very  useful.  It  should  be  noted  that 
although  c  +  jd  is  the  vector  form  of  y/(c^  +  d^)  it  is  not 
correct  to  assume  that  (c  +  jd)^  =  +  d^.  The  term 

c  +  jd  is  a  vector  expression  of  which  \/ (c^  +  d^)  is  the 
scalar  or  numerical  value  only. 

Network  Theory- 

It  is  often  desired  to  know  the  currents  or  voltages  in 
various  parts  of  a  network.  The  links  may  be  simply 

resistive  or  may  be  reactive. 
The  usual  method  is  to  use 
Kirchhoff’s  Law  that  the  sum 
of  the  currents  meeting  at  any 
point  is  zero,  coupled  with  the 
use  of  cyclic  currents. 

For  example,  considering  the 
simple  circuit  of  Fig.  (i),  we 
Fig.  (i).  Simple  T  Network  can  assume  two  separate  cur¬ 
rents  and  ig  in  each  loop. 

Then  we  can  write 

e  =  +  (ii  —  since  and  flow  through 

0  =  (2^2  +  (^2  “  h)^3  -^3  in  opposite  directions. 

This  supplies  two  simultaneous  equations  which  can, 
after  simphfication,  be  solved  in  the  usual  way. 

Star  Mesh  Transformation. 

With  more  elaborate  networks  the  expressions  become 
somewhat  involved  and  it  sometimes  helps  to  convert  the 
network  to  an  equivalent  form.  One  such  transformation 
applies  to  a  number  of  impedances  meeting  at  a  point, 
as  at  Fig.  (ii)  (a).  This  can  be  replaced  by  equivalent 
impedances  joining  all  the  points,  calculated  as  follows. 
Let  the  original  star  impedances  be  Zg,  Z3,  etc. 
Then  the  mesh  impedance  between  any  two  points  is 
the  product  of  the  star  impedances  at  those  points  multi- 
plied  by  [(1/ZO  +  (1/Z*)  +  (I/Z3)  +...]  =  laiZ) 
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For  example,  in  Fig.  (ii)  (6),  the  mesh  impedance  AB 
=  Z1Z2  [^(l/Z)  ].  Impedance  AC  =  [^l/Z)  ]  and 

the  general  impedance  =  Z^Zn  [Z{l/Z)  ]. 

It  may  be  more  convenient  to  use  admittance 
{=  1/impedance)  because  with  two  conductors  in  parallel 
the  admittances  a^e  simply  added  together  whereas  the 
impedance  has  to  be  evaluated  by  the  usual  expression 
l/Z  =  l/Z,  +  l/Z,. 


^  A 


If  the  admittances  of  the  various  branches  are  Ai,  A^, 
A^y  etc.  (=  1/-^!,  l/<^2’  etc.),  the  mesh  admittance  is 
simply  A^AJZIA). 

As  an  example  of  the  use  of  this  transformation,  suppose 
we  have  a  bridge  arrangement  with  leaks  to  earth  at  each 
comer,  as  shown  in  Fig.  (iii). 

This  is  quite  complex  to  solve 
by  ordinary  methods,  but  we 
can,  by  the  above  transforma¬ 
tion,  replace  the  leaks  by  equiva¬ 
lent  resistances  across  each  arm, 
which  will  enable  us  to  assess  the 
eflFect  on  the  balance  at  once. 

There  wiU  also  be  mesh  resis¬ 
tances  across  AC  and  BD,  but 
these  will  not  affect  the  balance. 

Except  in  the  particular  case 
where  there  are  only  three  star  impedances  the  theorem  is 
not  reciprocal,  i.e.  we  cannot  transform  a  mesh  into  a  star. 

Thevenin’s  Theorem. 

There  is  one  other  transformation  which  is  often  of 
u— (T.5419) 


B 


Fig.  (in).  Wheatstone 
Bridge  with  Earth 
Leakage 
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considerable  use.  This  is  Thevenin's  Theorem  which  states 
quite  simply — 

The  current  in  any  branch  of  a  network  is  that  which 
would  result  from  the  application  of  an  e.m.f.  E  equal  to 
the  e.m.f.  available  across  the  specified  points  when  the 
branch  is  removed. 

This  e.m.f.  will  operate  on  the  impedance  of  the  particular 
branch,  plus  the  impedance  of  the  remainder  of  the  network 
between  the  points  in  question.  The  procedure  will  be  clear 
if  we  consider  a  simple  example. 

Suppose  we  wish  to  know  the  current  in  JRg  of  Fig.  (i). 

If  is  removed,  the  voltage  across  the  points  AB  will 
be  =  eRJiRi  +  jRg)-  The  impedance  of  the  network  at 
these  points,  still  with  R^  removed,  will  be  that  of  Ri 
and  R2  in  parallel  =  R^Rj{Rt  +  R^)  =  Z, 

Then  by  Thevenin’s  Theorem  the  current  in  R^  will  be 

^li^z  + 

_ ^Rzli^i  -^2) 

Rz  H"  RiRJ{Rx  +  -^2) 

_ eR^ 

R1R2  “1“  ^2^Z  +  *^3^1 

This  is  a  speedy  solution  to  a  problem  which,  though 
simple,  would  stiU  require  appreciably  more  calculation  by 
ordinary  methods,  and  in  more  complex  networks  the 
saving  can  be  even  more  pronounced. 


Determinants. 


We  may  conclude  this  brief  discussion  with  some  reference 
to  determinants.  These  are  expressions  of  the  form 
A1B2  —  Bj^A  2  which  often  occur  in  the  solution  of  equations. 


In  determinant  notation  this  is  written, 


AiBi 

A2B2 


and  it  will 


be  seen  that  to  expand  it  we  write  down  first  the  diagonal 
from  left  to  right  and  subtract  the  diagonal  from  right 
to  left. 


A  A  I 

It  is  clearly  the  same  if  we  write  for  evaluating 

this  in  the  same  way  gives  the  same  expression,  but  if 
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we  interchange  either  the  rows  or  the  columns  we  obtain 
the  previous  expression  with  a  reversed  sign.  Thus 


A-y^2  —  — 


A^B^ 


Determinant  notation  enables  the  solution  of  equations 
to  be  written  down  at  once,  whereas  in  the  expanded  form 
the  expressions  would  be  too  cumbersome  to  remember. 
Suppose  we  have  two  equations 

A^x  +  B^y  +  =  0 

A^  +  B^  +  Cg  =  0 


We  can  solve  this  at  once  by  writing* 


•L  =  -JL.  ==  1_ 

i^iCi  C^Ai  A^fi^ 

\B2G2  C^A^  A^B^ 

Note  the  symmetry  of  the  middle  term,  i.e.  the  sequence 
ABC  A  is  maintained.  Otherwise  the  sign  will  be  wrong 
as  just  explained.  The  simplicity  of  this  form  will  be 
apparent  particularly  if  .4,  B  and  C  are  not  simple  numbers 
but  complex  expressions. 

As  an  example  let  us  solve  the  expressions  for  the  circuit 
of  Fig.  (i).  The  equations,  suitably  rearranged,  are 
niBi  “f"  B3)  ^2^3  e  =  0 

—  tiBg  -j-  ^2(^2  “I”  -^3)  ~  ^ 

Then 


_ 4 _  __  _ [2 _ 

— e  “  e  (Bi  +  Bg) 

(Bg  +  B3)  0  I  0  -  B3 

_ 1 _ 

=  (Bi  +  B3)  —  B3 

—  B3  (B2  +  Bg) 

Whence 

. _ e(B2  +  Bg) _ e(B2  +  B3) 

(Bj  +  R^(B^  +  Bg)  —  Bg^  B^Bg  +  BgBg  +  BgBj 

_ cBg _ 

BjBg  +  BgBg  +  B3B1 

*  The  reader  may  verify  this  by  expanding  the  determinants  and 
then  solving  the  equations  in  the  usual  way,  when  identical  results 
will  be  obtained. 
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The  current  in  JSg  =  —  1*2 

_ €^2 _ 

•^1-^2  “f"  -^2-^3  "t”  -^3-^1 

which  is  the  same  as  was  obtained  by  Thevenin’s  Theorem. 

For  a  three  variable  expression  we  obtain  a  third  order 
determinant  of  the  form 

A 

A2  B2  C2 

-^3  -^3  ^3 

This  can  be  simplified  into 

Ai  B2C2  A 2  Bjp2  “f”  A2  B^C^ 

B2C2  J52C2 

Note  again  the  sequence  of  the  second  term  to  preserve 
correct  sign.  As  an  example,  let  us  take  the  equations 

A^x  -f-  B^^  -f“  =  0 

A^  +  B^  +  CgZ  ==  0 

AsX  +  Ba^  +  C3Z  =  c. 

We  rewrite  these,  mentally,  in  a  form  involving  a  constant 
term  I)  such  that  the  equation  =  0  in  each  case.  In  the 
first  two  equations  Z>  =  0  while  in  the  third  it  is  —  e.  Then 

X _ y _ g  _  1 


0  Cl 

0 

Ai  0 

^jJSi  ””  AiBjCi 

0  c* 

0 

^2  0 

A2B2  A2B2O2 

BaPa 

-e  Ca 

—  e 

Ai  —  c 

A^Ba  AaB^pa 

which  determines  x,  y  and  z.  Usually  the  individual  solu¬ 
tions  will  simplify  either  directly  or  on  expansion.  For 
example  the  third  determinant  resolves  itself  into 


—  e  the  remaining  terms  going  out. 

-^2-®  21 


fin  will  nf.lvT  4’Vm  av.'WI'i  w  n  w  4*  Anw  A'vr'nn  w 
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or  we  can  interchange  columns  1  and  3,  changing  the  sign, 
which  gives 

e  CiBi  =  Cj-B 26  —  5i(72e,  as  before. 

With  third-  and  higher-order  determinants  there  are 
often  other  simplifications,  based  on  certain  simple  rules. 
The  first  we  have  already  seen,  viz. 

1.  Interchanging  two  columns  (or  rows)  of  a  determinant 
changes  its  sign. 

Other  rules  are — 

2.  Multiplying  any  column  (or  row)  by  a  constant  multi¬ 
plies  the  whole  determinant  by  that  factor. 

Thus  mA^Bi  ^ 

mA^B^  -  ^  A^Bj 

as  the  reader  may  easily  verify. 

8.  If  each  constituent  of  any  column  or  row  comprises 
two  terms  the  determinant  may  be  expressed  as  the  sum 
of  two  simple  determinants. 

Thus  1(^1  +  a^)  Bi  _  ^1^1  I 

'U2  +  ^2)  ^2  ^2^2  ^  1®2^2 

which  again  may  be  simply  verified. 

4.  If  the  constituents  of  any  column  or  row  are  increased 
or  diminished  by  equal  multiples  of  another  column  or  row 
the  result  is  unaltc^. 

Thus  |(^i  +  mBi)  Bil  _ 

{{A^  w,B^  B^  A^B^ 

which  is  often  useful  in  efiecting  simplifications. 


ANSWERS  TO  EXAMPLES 

I.  (1)  (a)  2^CB..  (5)  8O0/0. 

(3)  Zfj  =  40jLeH.  Tap  approximately  0*45  up  the  coil. 

III.  (1)  547  ohms.  (2)  Jth  tap. 

IV.  (1)  (1)  64*5  )mH;  3  :  1.  (ii)  SOyuH.;  2*5  :  1. 

(2)  5  ohms  at  600  kc. ;  27*7  ohms  at  1  200  kc. 

(3)  60  at  600  kc. ;  92  at  1  200  kc. 

V.  (1)  (a)  183^H.;  222  000  ohms;  (c)  444;  {d)  one-half. 

(2)  111. 

VI.  (1)  5*6  volts;  1*2  volts  (r.m.s.)  (2)  2*43  volts. 

VIII.  (1)  21/iH. ;  5*55.  (2)  24  kc.;  18  kc.;  12  kc.  No  difference^ 

(3)  0*0104//F. ;  12  kc.  at  1  200  kc.,  24  kc.  at  600  kc. 

X.  (1)  r  =  490*9  ohms,  8  =  121*2  ohms. 

(2)  Series  arm.  Resistance  of  180  000  ohms  shunted  by  con- 
denser  of  0*00363/iF. 

Shunt  arm.  Resistance  of  2  220  ohms  in  series  with 
1-45H. 

(3)  See  Fig.  101. 
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EXAMINATION  PAPERS 

By  courtesy  of  ^he  City  and  Guilds  of  London  Institute 
(Department  of  Technology),  we  are  able  to  reproduce  the 
papers  set  in  the  1934  and  1937  examinations.  Some  of  the 
questions  deal  with  matters  which  are  discussed  in  Vol.  I. 

37c.  RADIO  COMMUNICATION  (1934) 

Final  Examination 
Instructions 

A  PAMPHLET  containing  mathematical  tables  is  supplied  for 
the  use  of  the  candidate,  who  must  place  it  in  his  answer 
paper  and  give  it  up  at  the  close  of  the  examination. 

The  maximum  number  of  marks  obtainable  is  the  same 
for  each  question. 

Not  more  than  six  questions  to  be  attempted. 

1.  What  is  the  part  played  by  the  Heaviside  Layer  in 
the  propagation  of  short  waves?  Why  is  it  necessary,* in 
short-wave  communication  over  long  distances, to  use 
longer  waves  during  the  night  than  during  the  day  ? 

2.  What  is  the  cause  of  night  errors  in  rotating  loop  and 
Bellini-Tosi  direction  finders?  Explain  clearly  how  the 
Adcock  aerial  tends  to  obviate  such  errors.  Give  diagrams 
of  the  aerials  and  associated  circuits  for — 

(а)  Rotating  Adcock  system. 

(б)  Fixed  Adcock  system. 

3.  Explain  what  is  meant  by  diversity  reception.  In¬ 
dicate  by  means  of  a  circuit  diagram  how  radio-telegraph 
reception  on  this  system  is  carried  out  in  practice. 

4.  What  is  meant  by  the  characteristic  impedance  of  a 
transmission  line?  Give  the  general  expression  for  the, 
characteristic  impedance  of  a  line  in  terms  of  series  resist¬ 
ance,  series  Inductance,  shunt  conductance,  and  shunt 
capacitance.  How  can  this  expression  be  simplified  far(. 
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currents  of  high  frequency,  and  what  is  approximately  the 
phase  angle  of  the  characteristic  impedance  at  high 
frequencies  ? 

6.  What  is  a  wave  filter?  Give  typical  characteristic 
curves  indicating  the  attenuation  in  respect  to  frequency  in 
the  case  of  high  pass,  low  pass,  and  band  pass  filters.  How 
does  the  ratio  of  series  impedance  to  shunt  impedance 
in  a  filter  determine  its  attenuation  in  respect  to  frequency  ? 

6.  What  are  the  reasons  for  the  use  of  piezo  electric 
crjrstals  for  frequency  control?  What  precautions  are 
necessary  if  the  best  results  are  to  be  obtained?  What 
approximately  are  the  highest  frequencies  for  which  quartz 
crystals  can  be  manufactured  and  used?  How  can  fre¬ 
quencies  above  this  limit  be  controlled  ? 

7.  Explain  what  is  meant  by  a  single  sideband  suppressed 
carrier  radio- telephone  system.  Give  a  schematic  diagram 
of  the  apparatus  necessary  at  the  transmitter  for  the  pro¬ 
duction  of  this  type  of  emission.  Mention  any  advantages 
of  the  system  for  long  waves  and  for  short  waves. 

.  8.  Give  a  diagram  of  an  electron  valve  oscillator  circuit 
suitable  for  the  production  of  oscillations  of  a  wavelength 
of  the  order  of  50  cm.  How  can  the  wavelength  of  such 
oscillatibns  be  determined  ? 

9.  What  are  the  advantages  of  automatic  gain  control 
when  applied  to  a  radio-telephone  receiver  ?  How  does  the 
time  of  operation  of  the  control  affect  the  performance  of 
the  receiver  ?  Give  a  diagram  of  a  control  system  suitable 
for  a  high-class  broadcast  receiver.  What  can  be  done  to 
avoid  excessive  noise  when  tuning  between  stations  ? 

10.  An  attenuator  of  T-type  is  required  to  produce  a 
loss  of  10  decibels  in  a  600  ohm  transmission  line.  Compute 
the  values  of  the  shunt  and  series  resistances. 


EXAMINATION  PAPERS 


31» 


37c.  RADIO  COMMUNICATION  (1937) 

Final  Examination 
Instructions 

A  PAMPHLET  containing  mathematical  tables  is  supplied 
for  the  use  of  the  candidate,  who  must  place  it  in  his  answer 
book  and  give  it  up  at  the  close  of  the  examination. 

The  maximum  number  of  marks  obtainable  is  the  same 
for  each  question. 

Not  more  than  six  questions  to  be  attempted, 

1.  Derive  expressions  for  the  polar  diagram  in  the  hori- 
sontal  plane  for  an  antenna  array  consisting  of  N  elements 
spaced  half  a  wavelength  apart  in  a  straight  line  energized 
in  phase. 

Derive  a  similar  expression  for  the  polar  diagram  of  an 
array  system  having  elements  spaced  half  a  wavelength  and 
alternate  elements  phased  180  degrees  from  the  remainder, 
in  order  to  secure  maximum  radiation  in  the  line  of 
elements. 

How  does  the  sharpness  of  directivity  compare  in  the 
two  cases  ? 

2.  What  grounds  are  there  for  beheving  in  the  existence 
of  ionized  layers  in  the  upper  atmosphere  ?  Describe  the 
methods  adopted  to  determine  the  heights  of  such  layers. 

3.  Describe  with  sketches  the  principles  of  operation  of 
any  type  of  direct-reading  direction  folder  for  indicating 
the  direction  of  arrival  of  an  incoming  wave. 

4.  In  an  audio-frequency  amplifier  the  valve  has  an 
internal  impedance  of  30  000  ohms  and  an  amplification 
factor  of  40.  It  is  coupled  to  the  succeeding  stage  by  a 
transformer  having  a  ratio  of  1  :  3  and  a  primary  induct¬ 
ance  of  30  henry s.  The  secondary  load  is  a  resistance  of 
600  000  ohms. 

Neglecting  the  internal  capacitances  of  the  valve  and  the 
self  capacitance  resistance  and  leakage  of  the  transformer. 
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what  will  be  the  amplification  for  frequencies  of  100 
and  10  000  cycles  per  second  ? 

5.  A  high  frequency  open  wire  transmission  line  has  Ik 
distributed  capacitance  of  0*02  fjiF.  per  mile  and  a  dis¬ 
tributed  inductance  of  7*2  mH.  per  mile.  What  is  thet 
characteristic  impedance  of  the  line  ? 

Find  suitable  dimensions  of  a  quarter  wave  matching 
line  to  match  this  transmission  line  to  a  load  of  200  ohms. 


6.  Explain  briefly  the  functions  and  principles  of  opera¬ 
tion  of  three  of  the  following — 

(а)  Echo  suppressor. 

(б)  Singing  suppressor. 

(c)  Compandor. 

(d)  Volume  indicator. 

(e)  Delay  circuit. 

7.  What  is  the  effect  of  resistance  in  modifying  the  per¬ 
formance  of  wave  filters  ? 

What  are  the  conditions  determining  the  transmitting 
ranges  and  attenuating  ranges  of  a  wave  filter  ? 


A  single  T  network  having  ~  as  the  value  of  each  series 


impedance,  and  Zg  as  the  value  of  the  shunt  impedance,  is 
terminated  with  an  impedance  It  is  required  that  the 
input  impedance  must  also  be  Z^.  Find  Z^  in  terms  of 
Zi  and  Z2. 

8.  Describe  two  methods  of  diversity  reception  suitable^ 
for  short  wave  telegraphy.  Indicate  the  merits  and  demerits 
of  each  method. 


9.  The  aerial  at  a  transmitting  station  has  an  effective 
height  of  150  metres  and  the  current  at  the  base  is  700 
amperes  at  16  000  cycles  per  second.  What  is  the  power 
radiated  ? 

If  the  capacitance  of  the  antenna  is  0*04  microfarad, 
what  is  the  voltage  across  the  lead-out  insulator  ^ 

Give  a  sketch  and  brief  description  of  a  suitable  lead-out 
insulator  for  such  a  station. 

10.  Describe  with  diagrams  how  a  single  sideband  radio 
telephone  transmission  is  produced. 
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State  how  the  improTements  in  transmission  due  to  single 
lideband  working  are  distributed — 

(o)  at  the  transmitter, 

(6)  at  the  receiver. 

What  is  the  theoretical  improvement  in  each  case  in 
decibels  ? 

What  difficulties  arise  in  applying  single  sideband  work¬ 
ing  to  short  wave  services,  and  how  can  they  be  overcome  ? 
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Aebiai.  arrays*  199 

Aerials*  coupling  circuits  for,  138 

- ,  directional,  142 

- ,  distribution  of  current  in, 

27 

- ,  half-wave,  28,  47,  200 

- ,  non-fading,  30 

- ,  radiation  from,  31,  33 

— ,  tiered,  200 
Air  gap,  305 
Amplifiers,  51 

- ,  I.F.,  73 

- ,  L.F.,  112 

Anode-bend  rectification,  94 

-  tap,  7,  52 

Attenuators,  182 
Automatic  volume  control,  80, 
103 

-  frequency  control,  109 

BaIiANCEd  modulator,  188 
Band-pass  filter,  73,  141,  151, 
173 

Barkhausen-Kurz  oscillation, 

218 

Bass  resonance,  119 
Beverage  Aerial,  143 
B-H  curve,  283 
Bridge  rectifier,  253 
Bypass  condenser,  99 

Cabbieb  suppression,  189 
Cathode-ray  tube,  232,  245 
Characteristic  impedance,  42 
Choke  mput  circuit,  262 

- ,  design  of,  303 

-  modulation,  14 

Class  B  operation,  2,  134 

-  C  operation,  4 

Coils,  construction  of,  20 
Compandor,  196 
Constant-K  filter,  168 

-  -coupling,  56 

-  -frequency  oscillators,  19 


Conversion  conductance,  82 
Cooled-anode  valve,  24 
Counterpoise,  39 
Coupled  circuits,  7,  73,  151 
Coupling,  critical,  7,  63,  76,  141 
Coupling  factor,  64,  165 
Cross  modulation,  70 

- ,  talk,  19 

Crystal  control,  11,  19,  207 
Current  in  aerials,  26 
Cut-off  frequency,  166 

Dampiko,  101 
Decoupling,  64,  120 
Delayed  A.V.C.,  104 
Delta  connexion,  272 
Demodulation,  90 
Derived  filter,  169 
Detectors,  90 

- ,  screen-grid,  102 

Determinants,  312 
Diaunond  aerial,  210 
Dielectrics,  21 
Diode,  90 
Dipole,  33,  199 
Direct  coupling,  116 
Directional  aerials,  30 
Distortion,  93,  122 
Diversity  reception,  144 
Drive  circuits,  8 
Driver  valves,  136 
Double  hump,  8,  154 
Dynamic  impedance,  7,  54,  75 

Eabth  system,  39 
Echo  suppressors,  195 
Eddy  currents,  21 
Edwards  and  Cherry  circuit,  120 
Effective  height,  36 
Efficiency  of  valve  transmitters, 
3 

Electron  camera,  247 

- multipliers,  248 

- oscillations,  217 
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Bmission  limit,  5,  14 
Equalizers,  178 

Faosimils,  240 
Feed-back,  69,  62,  97,  127 

j - ,  negative,  129 

Feeders,  40 
Ferris  effect,  62 
Field  strength,  34 
Filters,  162 

— ,  band-pass,  141,  151,  173 

- ,  composite,  172 

- ,  constant-K,  168 

- - ,  derived,  169 

► - ,  effect  of  resistance,  177 

- ,  high-pass,  168 

- ,  low-pass,  167 

Flick  impulsing,  4 
Flutter,  88 

Frequency  changer,  76 

-  drift,  88 

- modulation,  16,  213 

Frequency  multiplication,  206 

-  stability  of  oscillators,  17, 

207 

Full-wave  rectifier,  253 

Gaik,  measurement  of,  228 
Ganging,  61,  86 
Gas  discharge  tube,  234 
Gill-Morrell  oscillations,  219 
Grid  detector,  95 
Grid  modulation,  16 

-  tick,  6,  18 

Gun,  233 

H.F.  amphfiers,  51 

-  transformers,  52,  151 

Half-wave  aerial,  27,  47,  199 

-  rectifier,  253 

Harmonics,  84,  122,  125 
Heaviside  layer,  30, 144, 197, 214 
Hexode,  79 

High  efficiency  working,  1 

-  -pass  filter,  168 

Hybrid  coil,  194 
Hysteresis,  284 

lOOKOSOOPB,  246 
X.F.  amplifiers,  73 


Input  admittance,  62,  99 
Instability,  8,  58,  64,  128,  204 
Interference,  84,  146 
Inversion,  192 
Iterative  impedance,  165 

Kbbb  cell,  244 

Leakage  inductance,  291 
L.F.  Transformers,  118 
Lecher  wire,  46 
Limiting  edge,  4 
Load  line,  4,  14.  93.  121 
Loading  inductance,  29 
Low-pass  filter,  167 

Magnetic  circuit,  281 
Magnetising  current,  288 

-  force,  280 

Magnetron,  220 
Magneto -striction,  20 
Matching,  4,  43,  48,  176 
Meters,  222 
Micro  waves,  217 
Mid-series  termination,  164 

-  -shunt  termination,  166 

Millereffect,  62,  97,  100, 115,  252 
Mirror  drum,  242 
Mixing,  77,  81 
Modulation,  14,  190 

- ,  balanced,  188 

- ,  light,  243 

- ,  measurement  of,  231 

Muting,  107 

Mutual  inductance,  8,  53,  75,  139 

Natubal  wavelength,  26 
Negative  feed  bac^  129 
Neutralizing,  59,  204 
Nodes,  46 

Non-fading  aerials,  30 
Noise,  65,  72,  83 

IDotodb,  79  [19 

Oscillators,  constant  frequency, 

- ,  crystal  control,  207 

- ,  feed-bcKik,  132 

- ,  phase-shift,  134 

Overloading,  93,  120 
Output  stage,  121 
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Paddsb,  86 
Para>sitic8,  205 
Peak  inverse  voltage,  270 
Pentagrid,  78 
Pentodes,  123 
Permeability,  283,  30*4 
Phase  angle,  45,  114,  129,  133, 
174,  182 

- shift  oscillator,  134 

Piezo -electric  effect,  207 

Positive  drive,  9 

Power,  measurement  of,  228 

-  in  modulated  wave,  190 

-  output,  121 

-  supply  circuits,  253 

Propagation  constant,  174 
Pulling,  62,  79 


Q,  18,  76,  157,  175 
Quarter- wave  aenal,  28 
Quartz,  207 

Quiescent  push-pull,  135 


Radiation  from  an  aerial,  33, 
198 

- resistajice,  37 

Rationalization,  309 
Rectification,  anode-bend,  94 

- ,  diode,  90 

- ,  efficiency,  92 

- ,  grid,  96 

Rectifier,  bridge,  253 

- ,  diode,  90 

- ,  full-wave,  263 

- ,  half-wave,  263 

-  meters,  224 

- ,  three-phase,  273 

- ,  voltage  doubler,  264,  260 

Rectification,  power,  253 
Reflection,  41 
Reflectors,  198 
Regeneration,  132 
Reluctance,  282 
Reservoir  condenser,  255 
Resistance  coupling,  112 
Ring  modulator,  191 
Ripple,  255 


Satubation,  283 
Scanning,  239 
Scrambling,  191 
Screen-grid  valve,  11,  66, 121 

- ♦  as  detector,  102 

Second  channel  interference,  84 
Secondary  emission,  249 
Selectivity,  54,  64,  72,  84,  156 
Self-bias,  6,  119 

-  -oscillation,  58,  64 

Series  modulation,  16 
Shielded  lead-in,  148 
Shielding,  60 

Short-wave  operation,  197 
Shortening  condenser,  29 
Si^al  generator,  230 
Silica  valves,  24 
Singing,  194 

Single  side-band  workmg,  189 
Slide*back  voltmeter,  227 
Smoothmg  circuits,  258 
Squegging,  6,  77 
Stability,  8,  17,  68 
Standing  waves,  46 
Star  connex'ion,  271 
Star -mesh  theorem,  310 
Step-up  ratio,  54,  56,  l4o 
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